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ABSTRACT 
 Society is in dire need of solutions to address complicated threats like climate 
change. To do this will require redesigning many of our current infrastructure and 
processes. Agricultural systems are one essential part of supporting society that could be 
made more sustainable. If efficiency is increased and plant growth enhanced, this would 
also contribute to balancing carbon dioxide (CO2) fluxes by increasing carbon harvesting, 
which can help address climate change.  
The impact of environmental parameters affected by climate change was 
incorporated through a manipulative greenhouse study to understand the impact of the 
increased intensity of precipitation on spinach yield and crop quality. Excess water 
treatments consistently increased levels of secondary chemicals. Impacts of the higher 
intensity storm treatment were seen in limited growth and a stress response in the roots. 
This could inform management of crops for nutritional quality. 
To enhance growth and optimize efficiency of crop production in new agricultural 
spaces like rooftop gardens and farms, a system was developed to apply indoor air with 
high CO2 concentrations from human respiration to rooftop crops through exhaust vents. 
The CO2 resource was first characterized finding levels averaging above 1000 ppm in 
		 ix 
classrooms during the daytime throughout the week and above 800 ppm from exhaust 
vents. Growth of spinach and corn besides vents increased by 2 to 4 fold indicating the 
effect of other characteristics besides CO2 concentration as contributing to growth effects. 
These systems could increase efficiency and success of rooftop gardens and farms. 
Decreasing fertilizer usage through use of a more sustainable plant enhancer 
would decrease impacts on surrounding environments, while still enhancing production. 
A lithotrophic gas fermentation system was used to grow a hydrogen-utilizing bacterium, 
Cupriavidus necator, which was engineered to produce lipochitin oligosaccharides 
(LCOs), a plant growth enhancer. LCO production was confirmed and the product was 
applied to relevant crops and a growth enhancement was attained. By understanding and 
increasing crop growth in creative ways, this study provides options for developing a 
more sustainable agricultural system, which works synergistically with nature and assists 
in increasing carbon harvesting and finding a sustainable path for society.   
		 x 
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INTRODUCTION 
1.1 Background 
Given that assessments of the global ecological footprint of human society finds 
our current footprint to be 1.5 times the biocapacity of the earth, our current engagement 
with natural systems could be considered unsustainable (Ewing et al. 2010). Emitting 32 
gigatonne carbon dioxide (GtCO2) yr-1 as of 2010 through the burning of fossil fuels is 
one example of an unsustainable relationship between humans and our planet especially 
since this amount has been increasing by 1.0 GtCO2 yr-1 between 2000 and 2010  
(Edenhofer et al. 2015). The burning of fossil fuels and subsequence increases in 
atmospheric carbon dioxide (CO2) concentrations has led to the trapping of excess heat in 
earths’ atmosphere. This has altered global and regional climate patterns of precipitation, 
temperature, storms, and more (Dentener et al. 2013). As emissions continue and these 
patterns change and intensify, the potential to leave the range of conditions experienced 
in the Holocene, for which humanity evolved, becomes more likely. This could 
ultimately make earth increasingly uninhabitable for humans (Hansen et al. 2013). People 
have already died from climate change related alterations such as those in heat waves, 
floods, droughts, disease, and others. For example, an estimated 30,217 excess deaths 
were caused by the 2003 heat wave in Europe and mortality is expected to increase 
(Haines et al. 2006). 
Changing the dynamic of burning more and more fossil fuels would require both 
reducing the amount of fossil fuels burned and increasing the rate of CO2 removal from 
the atmosphere (Vaughan and Lenton 2011; Dentener et al. 2013). The Intergovernmental 
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Panel on Climate Change confirms that carbon removal will be an essential aspect of 
addressing climate change (Dentener et al. 2013). Many current carbon capture and 
sequestration technologies focus on removing carbon from the emissions of fossil fuel 
plants using chemical methods that strip CO2 from the air (Vaughan & Lenton 2011). 
However, these systems are expensive and not energy efficient and the primary storage 
option available is injection of CO2 underground in caverns or aquifers. Injection could 
be used for a period of time, one study estimates underground capacity for 100 years in 
the U.S. (Szulczewski et al. 2012). However, this is not a long-term solution and other 
studies found pressure changes to reach far beyond the site of injection, over 100 km, 
with leakage into shallow groundwater bodies extremely likely (Nordbotten et al. 2005; 
Birkholzer et al. 2009). By attaching carbon sequestration to fossil fuel plants we are also 
not incentivizing moving away from the initial emission of CO2. 
 One more natural and potentially more sustainable approach to increasing the rate 
of removing carbon from the atmosphere is to further enhance biological carbon 
harvesting or plant growth. The carbon cycle has already been responding to climate 
change with 60% of current photosynthetic CO2 drawdown due to increased CO2 
concentrations and carbon fertilization (Cao and Woodward 1998; Ainsworth and Long 
2005; Schimel et al. 2015). Approximately 30% of total anthropogenic emissions have 
been removed from the atmosphere by plant growth and this number has increased over 
time (Bonan 2008; Canadell et al. 2007; Canadell and Raupach 2008). Further enhancing 
plant growth could therefore decrease atmospheric CO2 concentrations considerably. This 
opens opportunities to focus on developing creative processes and technologies to 
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increase biological carbon harvesting and utilization. 
One part of the carbon cycle we heavily manage is agricultural systems. 
Agricultural land now covers 38 to 40% of biologically productive terrestrial surfaces 
(Foley et al. 2011; Powell & Lenton 2012), which is the same amount as forests (Poyatos 
et al. 2003; Seto et al. 2011). This makes agricultural land a relevant player in the carbon 
cycle. Food production is also an area where we need to increase production rates. 
Because our current population is expected to reach 9.7 billion by 2050 (Medek et al. 
2017; UN 2017), we are potentially expecting as much as a 70% increase in food demand 
depending on projected diets (Powell & Lenton 2012; Alexandratos & Bruinsma 2012). 
This increase in food demand will require a 1.42% increase globally in food production 
every year. Our society’s current agricultural system is only achieving a 1.25% yearly 
increase in food production and that rate has been decreasing for the past 40 years 
(Powell & Lenton 2012). Therefore, we also need to find ways to enhance agriculture in 
order to continue to feed society. 
To accomplish this increase in food production, humans are currently clearing 
forests and converting more land to agricultural lands. However, when forests are 
converted to agricultural land, approximately 30% of soil carbon is lost with a range of 
20 to 40% depending on practices used (Davidson and Ackerman 1993; Ogle et al. 2005). 
Tillage can decrease organic carbon content by 45-50% due to stimulation of microbial 
respiration (Birkás 2008; Ussiri and Lal 2009; Bilandžija et al. 2016). Decreased 
irrigation can decrease CO2 losses by approximately 40% (Zornoza et al. 2016). Overall, 
converting forests to cropland, in the tropics for example, releases 1.6 to 1.7 Pg C yr-1 
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(IPCC 2000). Forests also provide many ecological services such as increased 
biodiversity, watershed protection, carbon storage (Powell et al. 2002), food, fuel, shelter, 
air and water purification, soil stabilization, water storage, habitats for endangered 
species, and recreational uses (Krieger 2001). In Asia, mangrove forests provide food, 
timber, medicine, nursery grounds for fish and birds, sediment and carbon accumulation, 
and protection against cyclones and coastal erosion (Alongi 2002; Hein 2002; Hein et al. 
2006). By converting this to agricultural land, deforestation instead removes many of 
these benefits and extracts nutrients and currently produces 30-35% of anthropogenic 
Greenhouse Gases (GHGs) (Powell & Lenton 2012). The excessive use of traditional 
fertilizers in agricultural systems can also cause severe, negative impacts on downstream 
ecosystems (Fenn et al. 2003; Galloway 2003; Anderson 2004; Nixon and Fulweiler 
2009). Limiting agricultural land would decrease these negative consequences, so 
expanding cropland is not the most sustainable, long-term solution. 
Alternatively, we could focus on increasing the efficiency of crop production, for 
example through optimizing for climate, carbon fertilization, or more sustainable 
fertilizers. This would decrease the need to create new agricultural sites and destroy more 
forests and their carbon pools (Lal 2005). Also, if it were possible to increase efficiency 
to the point where less agricultural land was needed, biomass accumulates quickly on 
previously agricultural land. Newly forested croplands can gain 6.2 and 1.3 Mg C ha-1   
yr-1 of biomass and soil carbon respectively in the first 20 years and 2.8 Mg C ha-1 yr-1 of 
biomass over 80 years and 0.41 Mg C ha-1 yr-1 of soil carbon in 100 years (Silver et al. 
2000). Reforestation could increase the carbon and other benefits provided by previously 
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agricultural land substantially (Lal 2005). In addition to increasing efficiency, we could 
also focus on growing crops in previously difficult locations and creating new carbon 
sinks and pools. 
 
1.2 Use-Based Science 
This work focuses on finding ways to increase CO2 drawdown through enhanced 
crop production on existing agricultural land or land previously considered non-arable 
using sustainable methods. As a society, we are in desperate need of creative solutions to 
global, large-scale issues such as climate change. Because of the complexity of these 
issues, finding appropriate solutions could require a different approach to scientific 
research. There is a perception that there are two primary approaches to science; basic 
science and applied science. Basic science focuses on understanding how the natural 
world functions with the primary motivation being curiosity. Applied science focuses on 
what solutions we need and takes tools and information developed by basic science and 
implements them in the creation of the desired solutions (Bush 1945; Bentley et al. 2015). 
This can lead to the perception of studies needing to fall within one of these categories. 
The projects described in this work incorporate aspects of both basic and applied 
science. Chapter 2 assesses the relationship between secondary chemical production and 
precipitation impacts while understanding sustainable agricultural practices in the context 
of climate change. Chapter 3 characterizes building CO2 fluxes and the response of plants 
to the application of vent air, but with the goal of increasing production in rooftop 
gardens. Chapter 4 contributes to understanding limitations of molecular engineering 
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while also producing a molecule that could help improve the process of fertilizer use in 
agriculture. 
These projects could be considered “use-based science.” In his book “Pasteur’s 
Quadrant,” Donald Stokes discusses both basic and applied science, but also use-based 
science, which has elements of both basic and applied science. It can address basic 
questions while being inspired by the needs of society. “Necessity is the mother of 
invention.” Use-based science has the potential to foster creative solutions that would not 
have been developed otherwise. I believe scientists have a responsibility to consider the 
implications of their work and use their studies to better society and human existence. 
Considering the proposed problem from this perspective leads to thinking about 
the entire system’s input and impact holistically within its environmental context. It could 
be beneficial to concurrently be considering how to use our resources creatively and find 
unique places to expand production while making sure to integrate these solutions with 
natural systems in as sustainable a manner as possible. 
 
1.3 Optimization For Climate (Chapter 2) 
Chapter 2 of this work considered environmental context by looking at the impact 
of different intensities of precipitation on the growth and secondary chemical content of 
spinach. Understanding how environmental factors affect crop growth and quality in the 
context of climate change is an essential part of developing sustainable agricultural 
practices. In agricultural systems, precipitation is one of the most important climatic 
determinants for plant growth (Boisvenue et al. 2006; Lobell et al. 2011b). Significant 
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changes to climatic precipitation patters are expected with both increases and decreases 
of precipitation becoming more prevalent in different regions of the world (Dentener et 
al. 2013). Drought and flooding impact crop yields, potentially negatively (Lobell et al. 
2011b). Therefore when developing more sustainable agricultural systems, it is important 
to consider how precipitation changes will impact growth and what factors will help these 
systems be resilient in the face of these increased stressors (Hatfield et al. 2011). 
Because we consume crops and are not just attempting to live synergistically with 
them, another important consideration is the nutritional quality of the crops (Thomas-
Barberan and Espín 2001; Proteggente et al. 2002; Amhed et al. 2014b). Food must be 
nutritious or else human health could suffer (Loladze 2014; Myers et al. 2014). 
Precipitation and other environmental parameters can influence crop quality (Cameron 
and Lapoint 1978; Boulton 1991; Serrano et al. 1992; Schofield et al. 1998; Maie et al. 
2008) and secondary metabolite chemistry (Coley 1998; Zvereva and Kozlov 2006; 
Ahmed et al. 2013; Ahmed et al. 2014b). The effect of changes in precipitation on crop 
growth and quality therefore should be considered in sustainable agricultural practices.  
Results from this study show that different intensities of precipitation can impact 
both growth and quality of spinach plants. Findings have the potential to inform the 
agricultural management of spinach for crop quality as well as other food and medicinal 
plants in the context of global change. 
 
1.4 Agricultural Options in Cities (Chapter 3) 
Chapter 3 of this work identifies a new resource by testing for the growth 
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enhancement potential of exhaust vent air from buildings. To avoid destroying forests, we 
can enhance production in existing arable land, but also develop ways to farm in areas 
where there is currently no carbon drawdown or that are not considered arable. This 
could help the overall carbon balance. One underutilized region mostly not considered 
arable where agriculture could be expanded and more carbon stored, is in cities. Cities 
already play an important role in global society and are only becoming more prominent. 
Most future population growth will occur in cities (UN 2017) with urban populations 
reaching 5 billion (Seto et al. 2012) and urban land expected to triple by 2030 (Imhoff et 
al. 2004; Seto et al. 2012). Cities also produce 70% of current greenhouse gas emissions 
(UN 2011). Therefore, cities are hotspots of human development and it will be important 
to push urban design towards being as sustainable as possible. 
Currently, cropland covers 1530 million hectares (Foley et al. 2011). In 2000, 
urban areas covered 317 million hectares, but they are expected to increase by 120 to 587 
million hectares by 2030 (Seto et al. 2012). If only 120 million hectares was converted to 
urban land, that would be a total of 437 million hectares, which is almost 30% of total 
cropland. If any portion of this was converted into urban agriculture, it could contribute 
to increasing cropland. Rooftops make up approximately 25 to 30% of city aerial space 
(Vaughan & Lenton 2011). If all of this space were converted to rooftop farms, it would 
represent a 9% increase of total cropland. 
It would be extremely difficult, however, for 100% of rooftops to be converted to 
rooftop gardens. Orsini et al. 2014 identified the viable flat roofs in Bologna, Italy where 
farms could be placed. This number would vary by city based on the common 
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architecture and other features, but using all of this space and with an optimized rooftop 
farm system they developed, they estimated the potential to provide 77% of the produce 
determined needed in Bologna on rooftop farms. This indicates that rooftops could 
contribute to urban agriculture and therefore the larger agricultural system. 
 
1.5 Environmental Integration of Cities (Chapter 3 cont’) 
Besides the space available, there is also considerable room for improvement in 
regards to the contribution of urban spaces to environmental dynamics. City landscapes 
are far from natural with towering skyscrapers, concrete walls, and tar interlocking every 
inch of urban existence. This gives cities different properties from their surrounding 
ecosystems with changes in albedo, land cover, biodiversity, temperature and more and 
that actively alter their immediate environment (McKinney 2006; Trlica et al. 2017). 
These modified local conditions are recognized through studies of impacts such as the 
urban heat island (UHI) effect, increased run off due to impervious surfaces, and more 
(Oberndorfer et al. 2007; Carter and Rasmussen 2007). These can increase temperatures 
from 5-15 °C in cities (Clark et al. 2002; Mendes et al. 2008; Stanamouris 2013; 
Mohajerani et al. 2017) and run off by almost 4 times in places (Bounoua et al. 2015), 
which produces considerable environmental changes. 
Cities also impact larger climate dynamics. While neglected in some assessments 
of global ecosystem dynamics (Fitz et al. 1996; Kucharik et al. 2000; White et al. 2000), 
urban environments have been found to have a relatively significant ecological impact 
(Raciti et al. 2012; Reinmann et al. 2016) even besides being the source of approximately 
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70% of emissions (UN 2011). Studies have started to illuminate the breath of networks 
and ecosystem dynamics present in concrete jungles (Templer et al. 2015; Decina et al. 
2016; Seto et al. 2012; Imhoff et al. 2004). For example, there are far fewer trees in urban 
environments, but because of urban conditions in regards to light, temperature, nutrients, 
and other factors (Patterson and Eatough 2000; Kangasjärvi et al. 2005; Weschler 2006; 
Prajapati 2012; Rao et al. 2014; Xue et al. 2014), if an urban trees survive, it can grow 
almost twice as fast as non-urban counterparts (Briber et al. 2015). This can impact total 
carbon budgets in cities, which can lead to carbon stocks relevant to the larger carbon 
cycle with one study projecting 35% of the terrestrial carbon sink could be found in cities 
by 2050 (Reinmann et al. 2016). 
Increased green spaces help integrate cities with the local environment (Ngan 
2004; Batchelor et al. 2009).  More green spaces could help reduce UHI conditions and 
bring cities closer to unaltered temperatures (Shashua-Bar et al. 2002; 2010; Santamouris 
2012; Ito et al. 2015; Coutts et al. 2016). A “Park Cool Island” was found to provide 4-5 
°C of cooling reaching as high as 5.9 °C (Upmanis et al. 1998; Yukihiro et al. 2006; 
Shashua-Bar et al. 2010; Kleerekoper et al. 2012) and buildings with rooftop gardens 
were cooler than controls without (Wong et al. 2003; Liu 2007; Heidarinejad and Esmaili 
2011; Li et al. 2014; Issa et al. 2015; ArrowStreet 2016; Barozzi et al. 2016). They also 
catch rainwater during storms, purify it, and delay it from entering the stormwater system 
capturing 52-100% of precipitation depending on the event and vegetation type (Van 
Woert et al. 2005; Carter and Rasmussen 2007; Getter et al. 2007; Berghage et al. 2010; 
Nagase and Dunnett 2012; Whittinghill et al. 2015). Delayed entry lessens the load 
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during peak rainfall. Green spaces can then store this excess water and release some of it 
back into the atmosphere through evapotranspiration (Carter and Rasmussen 2007; He et 
al. 2016). There is evidence green spaces on rooftops can help energy balances by 
decreasing the amount of energy needed for air conditioning, particularly during the 
summer (Saadatian et al. 2013). Green spaces can contribute to decreasing carbon in the 
atmosphere by harvesting it and storing more of it in the vegetation and soil (Whittinghill 
et al. 2014). Urban green spaces have even been connected to improved mental health 
and happiness (Guite et al. 2006; Johnson et al. 2018). Incorporating vegetation into 
urban areas is therefore one way to help assimilate cities and decrease the impact of cities 
on the local environment and many areas are pursuing this strategy (Ngan 2004; Grant 
and Lane 2006; Mendes et al. 2008; Gaffin et al. 2009; Hui 2011; Garrison et al. 2012; 
Bass and Baskaran 2015; Romo 2015). 
 
1.6 Creative Resource and Location Use (Chapter 3 cont’) 
Further developing urban agriculture would provide more space for crop 
production, increase urban vegetation, and ameliorate urban related climate alterations. 
Growing food in cities, however, requires special considerations and creative systems can 
be required to grow in challenging, alternative areas such as different kinds of 
hydroponics (Orsini et al. 2014). There are also unexpected resources present in cities 
that could be taken advantage of. 
Foley et al. (2011) assessed the current agricultural system and how we could feed 
future populations. Similar to other assessments, Foley also stated that increasing the area 
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on which we farm most likely is not the best path forward given the environmental costs 
and the limited gain from converting remaining forested areas to agricultural land. Foley 
supported the idea of focusing on enhancing efficiency and particularly calculated that 
increasing efficiency could account for 100% or more of the increase in yield required to 
feed humanity. Given the importance of efficiency, it is essential to make sure any new 
agricultural area is being fully optimized and that we are taking advantage of all 
opportunities for enhanced growth. 
This speaks to the focus of Chapter 3, the development of a creative system to 
enhance growth by using CO2 from inside of buildings as a resource. Though many 
factors such as nutrients play a role, there is clear evidence of the potential impact of a 
CO2 fertilization effect (McLeod and long 1999; Kimball et al. 2002; De Kauwe et al. 
2016; He et al. 2017). Increased concentrations of CO2 can lead to increased growth due 
to increased efficiency in photosynthesis (Sharkey 1988; Leakey et al. 2009; Norby and 
Zak 2011). CO2 also exists in considerable quantities in indoor spaces from accumulation 
due to human respiration (Satish et al. 2012). If this air could be applied to plants grown 
in a rooftop garden, it could increase the rate of photosynthesis and enhance overall 
growth. Making it easier for plants to grow could decrease the amount of resources 
needed to keep these farms alive and assist in counteracting harsh environmental 
conditions found on rooftops. 
This study confirmed higher CO2 concentrations in classrooms and tested for 
growth enhancement in rooftop gardens exposed to exhaust vent air. If this can increase 
growth rates and therefore decrease the chance of failure due to harsh conditions, it could 
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encourage more building owners to install rooftop gardens especially since they require a 
considerable amount of resources (Getter et al. 2009). Development of this kind of a 
system could help further sustainable agriculture by increasing the space used for farming 
without taking away any space currently occupied by forests, increasing the efficiency of 
a given farm space, and increasing the likelihood of implementation though the potential 
for a higher success rate. This also takes into account the environmental conditions of the 
farm. It factors in both how harsh environment conditions like excess heat and flooding 
will impact the plants, but also how the vegetation can help ameliorate some of the 
negative impacts of cities on the local environment and therefore increase integration of 
these highly modified areas with the surrounding ecosystem.  
 
1.7 Sustainable Growth Enhancers, Decreased Environmental Impact (Chapter 4) 
Urban vegetation and agriculture can help decrease the impact of cities on the 
environment, but there are other ways agriculture, urban or not, negatively impacts 
ecosystems. One primary example is through over fertilization of fields. Chapter four 
looks at the production of a molecule, lipochitin oligosaccharide (LCO), using a 
microbial lithotrophic gas fermentation system and the species Cupriavidus necator H16. 
This could be used as a plant growth enhancer and displace some amount of the 
traditional fertilizer normally needed. 
Even before we expected the human population to reach 9.7 billion people, 
society already had to address having too little food for its current population. In 1900 the 
population was 1.6 billion and food production was limited by fertilizers (Smil 2001). 
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The primary ways to fertilize crops was to reapply organic wastes, rotate crops, or use 
cover crops like legumes. Development of the Haber-Bosch process and access to 
inorganic fertilizers changed this. Crop production increased substantially with previous 
yields being able to support 5.5 people ha-1 and yields post-Haber-Bosch being able to 
support 10 people ha-1 in certain areas (Smil 2002).  Currently, survival of approximately 
48% of the population depends on the use of inorganic fertilizers in agriculture (Erisman 
et al. 2007). 
While this discovery was critical for continued population growth, there have also 
been serious consequences of having nitrogen readily available. It has led to an overuse 
of fertilizers in certain areas, which then escape into the surrounding ecosystem and can 
cause considerable damage (Erisman et al. 2007; Galloway et al. 2003). Overstimulation 
can lead to algal blooms, oxygen minimum zones, fish kills, and other negative 
consequences (Vitousek et al. 1997; Fenn et al. 2003; Anderson 2004; Nixon and 
Fulweiler 2009). One way to improve this situation would be to develop a method for 
fertilization that does not elicit these negative downstream effects. 
Another part of the problem associated with inorganic fertilizers is the incredible 
amount of resources required to produce them. To run the Haber-Bosch process, which 
uses a large quantity of energy, at the level required to produce enough fertilizer to feed 
current populations requires 1% of total global energy production (Bruulsema and Fixen 
2009). This leads to carbon emissions of around 2.6 kg CO2 kg-1 of N produced and 
potentially approximately 1.2% of the world’s greenhouse gas emissions (Kongshaug 
1998; Wood and Cowie 2004; Bruulsema and Fixen 2009). This is further support for the 
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importance of developing alternatives that can at least decrease the amount of inorganic 
fertilizers needed. 
One interesting potential solution for this could be found through genetic 
engineering. Foley et al. 2011 stated that one of the primary spaces where improvements 
to the agricultural system could come from is through genetically engineering plants or 
organisms. If it is possible to produce a plant growth enhancer that is not nitrogen based 
using a microbial system, this could both decrease downstream effects and associated 
emissions of inorganic fertilizers by decreasing the need for them. The LCO molecule 
discussed in this chapter is known to have plant growth enhancement effects. Production 
with the proposed system could be more sustainable than the Haber-Bosch process since 
it only uses CO2 and H2 as its primary inputs and produces less greenhouse gases 
throughout production. This system could assist in enhancing plant growth, while 
decreasing the amount of inorganic fertilizer required. It also considers the environmental 
impact, all of which would contribute to a more sustainable agricultural system. 
 
The overall focus of this work is to take a holistic approach to developing more 
sustainable agricultural systems in unique environments that will help crop production, 
carbon balance, and integration with surrounding ecosystems (Figure 1). 
 
1.8 Study Species 
Another uniting tread of this work is the use of the spinach (Spinacia oleraceae 
L.), which is used as the model organism in all projects. Spinach is a leafy green 
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vegetable from southwestern Asia (Candlish et al. 1987), which has become more 
important in current diets (Min 2014; Reddy et al. 2014). In regards to each of the 
sustainability considerations, spinach generally has a relatively high nutritional content, 
including secondary metabolite content (Kuti & Konuru 2004), which is relevant for the 
assessment of environmental context on crop yield and quality in Chapter 2.  It is a cold-
season crop, which allows for it to be grown in the spring and fall. This is when growing 
seasons overlap with the greatest activity in universities and therefore CO2 production. 
Using spinach made it possible to test the system in Chapter 3 determining the effect of 
exhaust vent air on crop growth. For chapter 4, spinach was an interesting test case for 
the application of LCOs (along with the known responder of corn) since it had never been 
tested before. This species was used as a model for the assessment of all aspects of a 
more sustainable agricultural system that could help assimilate CO2 back into the 
terrestrial carbon cycle, while decreasing environmental impacts, and integrating human 
infrastructure with natural ecosystems. 
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1.2 Figures 
 
Figure 1.1 | Summary diagram of projects described in this work. Chapter 2 is 
represented by the rain clouds with different intensities of rain and the secondary 
chemicals in the crops. Chapter 3 is shown by the exhaust vent blowing CO2 onto crops 
in a rooftop garden. Chapter 4 includes the production system on the left making LCOs 
that can be applied to the crops, which could help decrease the amount of fertilizers 
needed and therefore released into the environment as shown by the arrow on the bottom 
left. 
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2.1 Abstract 
Understanding how environmental factors influence crop growth and quality is 
essential in developing sustainable agricultural practices in the context of climate 
change. One factor impacting agriculture is shifts in precipitation including increased 
intensity of rainfall. We examined the effect of extreme precipitation intensity on 
spinach (Spinacia oleracea L.) growth and quality through a manipulative greenhouse 
study. Different water treatments produced by a rainfall simulator modeled precipitation 
intensity of predicted storms in a spinach-growing area in Northeast United States and 
were compared to a flooding treatment. Crop growth and quality were measured using 
biomass and total phenolic concentration (TPC), which impacts the appearance, flavor, 
and health attributes of crops. Leaves from plants receiving high intensity precipitation 
had significantly smaller biomass than leaves from the flooding treatment. Root biomass 
showed a negative relationship with TPC. The TPC of leaves in all treatments increased 
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with water inputs compared to the control while higher TPC levels were only found in 
the roots of the low intensity precipitation treatment. Findings highlight that water 
treatments and extreme precipitation may enhance crop quality of spinach leaves in the 
context of climate change, though too much water could have negative consequences on 
yield and require climate adaptation strategies. 
Keywords: crop quality; flooding; plant defense; precipitation; spinach 	
2.2 Introduction 
Changes in precipitation and temperature are recognized as the most important 
climatic determinants for plant growth and survival in agricultural systems (Boisvenue et 
al. 2006). While the effects of temperature on crops have been extensively examined 
(Peng et al. 2004; Schlenker et al. 2009; Lobell 2011a; Zhao et al. 2017), the effects of 
precipitation are less understood but are also critical to crop yields (Lobell et al. 2011b). 
Precipitation trends are more variable across geographies or regions and do not follow as 
clear a pattern as increasing temperatures (Lobell 2011a; Lobell et al. 2011b; Jamieson et 
al. 2012). With climate change, extreme precipitation events such as severe storms are 
expected to continue to increase in frequency and intensity in many locations (Zhang et 
al. 2007; Pryor et al. 2009; Allan et al. 2010; Dentener et al. 2013, Donat et al. 2013; 
Yang et al. 2013). Both precipitation extremes, drought and flooding, are recognized to 
impact crop yields (Lobell et al. 2011b) and quality – specifically, secondary metabolite 
chemistry (Coley 1998; Zvereva and Kozlov 2006; Ahmed et al. 2013; Ahmed et al. 
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2014b). 
The basic relationship between precipitation and growth is that a lack of 
precipitation, drought, depresses crop growth and increases in precipitation and soil 
moisture enhance plant productivity (Kreyling et al. 2008; Beier et al. 2012; Dentener et 
al. 2013) while excess precipitation with flooding inhibits plant growth due to decreased 
oxygen levels in the soil (Dirmeyer et al. 1999; Kulmatiski and Beard 2013). Altered 
precipitation patterns therefore positively or negatively influence crop growth patterns 
(Fay et al. 2002; Bachman et al. 2010; Dunnett et al. 1998; Wu et al. 2011; Reyer et al. 
2013). However, there have been far more studies on the impact of drought on crop 
quality (Gershenzon 1984; Ramakrishna and Ravishankar 2011; Niinemets 2015) and 
water stress often means water deficit (Stuhlfauth et al. 1987; Edreva et al. 2008; Azhar 
et al. 2011). 
Compared to crop growth as well, our understanding of the effects of precipitation on 
crop quality as measured based on secondary metabolite chemistry is more limited 
(Meinzer et al. 2003; Porporato et al. 2004; Knapp et al. 2008; Wu et al. 2011; Beier et al. 
2012; Reyer et al. 2013). In general, concentrations of secondary metabolites are 
inversely correlated with growth (Nurmi et al. 1996; Riipi et al. 2002; Mundim et al. 
2018) such that water stressed plants have higher concentrations (Hurng and Kao 1994; 
Aguilar et al. 2000; Abreu and Mazzafera 2005). Changes in chemical signaling and 
dilution have both been proposed as mechanisms that result in lower concentrations of 
secondary metabolites in faster growing plants (Nurmi et al. 1996; Riipi et al. 2002; 
Mundim et al. 2018). Rainfall can also directly affect the concentrations of secondary 
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metabolites by leaching secondary metabolites from leaves (Cameron and Lapoint 1978; 
Boulton 1991; Schofield et al. 1998; Maie et al. 2008). A study by Serrano et al. (1992) 
used a rain simulator on fresh forest vegetation and measured levels of phenolic 
secondary metabolites in the leachate from four tree species. On the basis of that study, 
we might expect flooding to inhibit crop growth and result in higher concentrations of 
secondary metabolites unless the flooding is coupled with heavy rainfall that causes 
extensive leaching. 
Understanding changes in the presence and concentrations of secondary metabolites 
is important because of their role as key determinants of the functional quality of crops, 
including flavor, appearance, and health promoting properties (Espín and Thomas-
Barberan 2001; Proteggente et al. 2002; Scalzo et al. 2005; Tulipani et al. 2008; Fan et al. 
2011; Amhed et al. 2014b). For example, high levels of secondary metabolites with anti-
oxidant properties, such as phenolics, are often desirable in fruits and vegetables (Espín 
and Thomas-Barberan 2001). Phenolic compounds are one of the three large families of 
secondary metabolites found in all edible plants (Naczk and Shahidi 2004) that are 
particularly relevant for human nutrition because of their anti-mutagenic, anti-
carcinogenic, and anti-inflammatory activities that provide protection against chronic 
diseases (Howard et al. 2005). Phenolics, vary in concentration depending on 
environmental factors (Waterman et al. 1984; Li et al. 1993; Lois 1994; Coley and 
Barone 1996; Bourgaud et al. 2001; Fine et al. 2006; Witzell and Marti 2008; Tello-
ireland et al. 2011; Ahmed et al. 2013; Ahmed et al. 2014a; Ahmed and Richard 2016; 
Ahmed et al. 2017) including water availability (Jamieson et al. 2012; Ahmed et al. 
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2014b; Ahmed and Richard 2016; Lower and Orians 2014a). The presence and 
concentrations of phenolics are thus used as a quality indicator in response to 
environmental variation, particularly for specialty crops or fruits and vegetables, tree 
nuts, dried fruits, horticulture and nursery crops. 
Here we examine the effect of extreme precipitation on the growth and quality of 
spinach (Spinacia oleracea L.) through a manipulative greenhouse study in order to 
understand climate effects on crops. Spinach is a cool-season leafy green vegetable from 
southwestern Asia that serves as a compelling focal species because it is an economically 
and nutritionally important crop globally due to its high nutritional value, including what 
is derived from its secondary metabolite content (Kuti and Konuru 2004). As a specialty 
crop, spinach has notable quantities of secondary metabolites including phenolics 
(Nuutila 2002; Bunea et al. 2008; Shohag et al. 2011). 
To test for the effects of extreme precipitation on growth and crop quality of spinach, 
we used a rainfall simulator to manipulate the intensity of rain and trays to test for the 
effect of flooding. We hypothesized that increased precipitation intensity would increase 
growth of spinach while flooding might inhibit growth due to decreased oxygen levels in 
the soil. For secondary metabolite concentrations, we hypothesized that increased 
precipitation intensity would decrease concentrations in plant tissue, potentially due to 
increased growth and leaching, while flooding would increase levels due to stress from 
decreased oxygen levels in the soil. Findings from this study have the potential to inform 
the sustainable agricultural management of spinach for crop quality as well as other food 
and medicinal plants in the context of global change.  
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2.3 Methods 
2.3.1 Study System 
Spinacia oleracea L. Regiment variety was purchased from Johnny’s Selected Seeds 
(Winslow, ME, USA). The Regiment variety was used because it is a fast growing, cold 
resistant, slow bolting type of spinach harvested in the spring and fall (Regiment-f1 
Spinach). In the United States, spinach production and consumption increased between 
1975 to 2015 from 28.5 to 275.6 thousand tons and 28.5 to 251.4 thousand tons 
respectively (USDA ERS 2016) while total global spinach production is estimated at 
23,422.6 thousand tons (FAO STAT data 2013). We planted spinach seeds in a mixture 
of potting soil with 55:30:15 expanded shale aggregate, sand, and leaf compost purchased 
from Read Custom Soils (Canton, MA, USA). The soil was amended and mixed with 100 
mL of lime to assist with maintaining appropriately alkaline conditions for spinach. 
These were cultivated in a greenhouse until germinated, after which 70 successful 
spinach plants were transferred into an individual 10.16 cm diameter plastic growing pot. 
A 14-hr photoperiod was maintained in the greenhouse for all plants with the use of 1000 
w (87000 lumen) metal halide lamps to supplement natural light (1367 w). Plants were 
watered every three days with 100 mL of water for four weeks. After four weeks, these 
plants were randomly assigned to a water treatment (n=10 plants per treatment, 1 plant 
per pot).  
		
24 
2.3.2 Experimental Design and Treatments 
We modeled water treatments for this study on a major spinach growing area of the 
United States, New Jersey, where the amount of precipitation is expected to increase 
(Huntington et al. 2003; Bates et al. 2008; Allan et al. 2010). New Jersey is one of the top 
three states producing spinach in the United States along with California and Arizona 
(Lucier et al. 2007). Therefore we used precipitation data for New Jersey to determine 
expected levels of precipitation during a 3-year storm and a 1,000-year storm, which are 
expected to occur more often due to climate change (MPAA 2013).  
Since storms and flooding are transient, our water treatments lasted 5 days. At four 
weeks, the following water treatments were implemented: (1) Control (2) Low intensity 
aerial precipitation, (3) High intensity aerial precipitation and, (4) periodic flooding, 
which will hereafter be referred to as below ground saturation.  This study classifies the 
low intensity precipitation treatment, the high intensity precipitation treatment, and the 
below ground saturation treatment collectively as ‘excess water treatments’. As during 
the pretreatment period, control plants were watered every three days with 100 mL. In 
addition to 100 mL of water every three days, the plants receiving low and high intensity 
precipitation treatments also received aerial precipitation from a rainfall simulator for one 
hour every 12 hours (morning and evening) for 5 days. Plants in the below ground 
saturation treatment were flooded for one hour every 12 hours. 
2.3.3 Rainfall Simulation 
The low and high intensity precipitation treatments were carried out using a rainfall 
simulator to apply simulated precipitation to the exposed spinach leaves. Rainfall 
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simulators are capable of applying precipitation with realistic rainfall characteristics 
(final velocities and kinetic energies) and can be used to administer precise and accurate 
treatments to test different attributes of precipitation (Humphry et al. 2002; Reyer et al. 
2013). Our rainfall simulator setup was based on the design of Miller (1987) and as 
described by Humphry et al. (2002). A nozzle was threaded directly into a 13 mm PVC 
tee, which was mounted to a beam 2.6 m above the floor and connected to the water 
supply through a pressure gauge. The range of the nozzles covers a 1.5 x 1.5 m plot, 
which is contained by a shade cloth enclosure that was constructed around the rainfall 
simulator by attaching strips of shade cloth together to simulate cloud cover during 
storms. Each individual plant was randomly placed at the same height within the shade 
cloth one foot from the shade cloth in a square formation to control for any influence of 
the shade cloth on the evenly distributed precipitation or light. Uniformity of spray was 
tested by placing twelve 250 mL beakers in a grid across the treatment area and running 
the system for 15 minutes with each nozzle. 
 Different intensities were created by using two brass Fulljet nozzles (1/4HH-10W 
and 1/2HH-30WSQ from Spraying Systems Co., ispray.com) for the low and high 
intensity aerial precipitation treatments with wide angles of 121° and 110° and flow rates 
of 3.8 cm hr-1 and 10.2 cm hr-1 respectively.  For the low intensity aerial precipitation 
treatment, precipitation was sustained at 1.5 psi through the 3.8 cm hr-1 nozzle, which had 
a range of 180 to 312 mL water hr-1, to simulate a 3-year rainstorm in New Jersey. For 
the high intensity aerial precipitation treatment, precipitation was sustained at 3.25 psi 
through the 10.2 cm hr-1 nozzle, which had a range of 440 to 800 mL water hr-1, to 
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simulate a 1,000-year rainstorm. Based on the quantity of water and visual inspection, the 
soil for each of these treatments became saturated throughout the treatment. 
During the below ground saturation treatments, plants were randomly placed within 
two trays of the same dimensions, which were sequentially filled to bring the soil to 
saturation and drained of tap water underneath the shade cloth, but no aerial precipitation 
was administered. Tap water from the Quabbin Reservoir in Massachusetts treated at the 
Carroll Water Treatment Plant was used for all treatments. 
2.3.4 Growth 
Plants were harvested and the leaves and roots were separated, dried in a lyophilizer 
for 2 days and weighed to attain biomass. To confirm that the plants grew under our 
precipitation treatments, we harvested a subset of the plants on day 3 and compared the 
average change in biomass between day 3 and day 5. The leaves and roots were harvested 
1.5 hr after the final treatment on day 5 of the experiment. The roots were gently removed 
from the soil and washed off with tap water. The harvested plant material was flash-
frozen in liquid nitrogen and stored in a freezer at -80 °C. Samples were lyophilized for 
48 hr, weighed, and ground to a fine powder. The remaining plant biomass was also 
lyophilized for 48 hr and weighed to determine the total above ground dry biomass. 
2.3.5 Crop Quality: Total Phenolic Concentration 
The total phenolic concentration (TPC) was measured using the Folin-Ciocalteu 
colorimetric method as previously described by Unachukwu et al. (2010). Briefly, for 
each of the leaf and root samples (the first four fully expanded leaves were used to 
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capture newer leaves at the same stage of development), 20 mg of the dried, pulverized 
material was weighed out and compounds were extracted in 1.5 mL of 80% aqueous 
HPLC-grade methanol (Fisher Scientific, Fair Lawn, NJ, USA) in a microcentrifuge tube. 
The samples were vortexed for 30 seconds (Genie 2, Fisher Scientific, Fair Lawn, NJ, 
USA), sonicated for 30 minutes at 20°C (Quantrex 280, L&R Ultrasonics), centrifuged 
for 15 minutes at 15,000 rpm (Marathin Micro A, Fisher Scientific), and then the 
supernatant was removed. 
Extract from each sample (100 µL) was then mixed with 1 mL of Folin-Ciocalteu 
reagent (10% v/v) and, after five minutes, 1 mL of Na2CO3 (10% w/v). This was 
incubated at room temperature for 90 min. The absorbance was measured at 765 nm [77] 
using a Benchmark Plus microplate spectrometer (Bio-Rad, Hervules, CA, USA) and 
results expressed as mg of gallic acid equivalents (GAE) g-1 dry plant mass (dm). TPC of 
spinach samples was derived from a standard curve of gallic acid concentration versus 
absorbance between 31.25 and 500 g mL-1. All extracts were analyzed in triplicate. 
2.3.6 Statistical Analysis 
All statistical analyses were performed in R (Version 3.4.4). Differences among 
treatments in leaves and root biomass and TPC were analyzed with a pooled variance t-
test. An ANOVA and Tukey's HSD test were used to identify significant differences 
between treatments.  
We hypothesized that slow growth would result in high TPC.  To examine this we 
tested the relations between biomass and TPC for leaves and roots using linear 
regressions. 
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2.4 Results 
2.4.1 Growth 
Spinach plants in the various water treatments demonstrated growth over the course 
of the experiment (F(1,2) = 8.79, p = .0045).  On average, between Day 3 and Day 5 
leaves grew 14%, and roots grew 63%. Overall, there was a significant effect of 
precipitation treatment on above ground biomass (F(3,10) = 4.07, p = .014). Plants in the 
high intensity Precipitation treatment grew significantly less than the plants in the below 
ground saturation treatment (p = 0.0087; Figure 1a). The plants in the control and low 
intensity treatments were not different from each other (p = .96) or the other treatments 
based on biomass (p > .25) though there was a trend showing the plants in the low 
intensity treatment to be smaller than the plants in the saturation treatment (p = .095). 
No differences were found in the biomass of the roots among the four precipitation 
treatments (F(3,10) = 1.91, p =.15; Figure 1b). There was a trend for the roots of the high 
precipitation plants to be larger than the roots of the low intensity and saturated plants (p 
= .18, p = .19). 
2.4.2 Crop Quality: Total Phenolic Concentration 
TPC in the leaves of spinach plants was found to be significantly higher than TPC in 
the roots of spinach plants (F(1,2) = 468.68, p < .001). Therefore, data were separated by 
tissue type for the remainder of the analysis.  
Precipitation had a significant effect on foliar TPC (F(3,10) = 6.76, p < .001; Figure 
2a). Compared to control plants, foliar TPC was elevated in all three of the excess water 
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treatments; low intensity precipitation, high intensity precipitation, and below ground 
saturation (p = .0013, p =.0055, p = .016; Figure 2a). There was, however, no significant 
difference among these three excess water treatments (p > .75). 
In the roots, there was an overall effect of treatment on TPC (F(3,10) = 6.06, p = 
.0019; Figure 2b). As with foliar TPC, Control plants were again lowest but only 
significantly lower than the low precipitation treatment (p < .001). 
2.4.3 Relationship of Growth to Total Phenolic Concentration 
There was no significant relationship found between TPC and biomass in the leaves 
(p > 0.1; Figure 3a). There was a significant relationship between TPC and biomass in the 
roots of the plants, but only in the high intensity precipitation treatment. Root TPC 
decreased as mass increased (b= -1.84, t(8) = 35.14, p < 0.001, R2 = .74, F(1,8) = 26.08, p 
< 0.001; Figure 3b). 
 
2.5 Discussion 
Contrary to our hypotheses, the spinach plants in the below ground saturation 
treatment modeled after periodic flooding had the greatest leaf biomass while the plants 
in the high precipitation treatment had the smallest leaf biomass. We expected that TPC 
would be highest in the slowest growing plants and that leaching would depress the 
concentrations of TPC in the low and high precipitation treatments. However, this study 
found that TPC was elevated in all the excess water treatments (low intensity 
precipitation treatment, high intensity precipitation treatment, and the below ground 
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saturation treatment). There was no relationship between biomass and foliar TPC, 
although there was a negative relationship between biomass and root TPC in the high 
intensity precipitation treatment. The elevated TPC in the excess water treatments is 
noteworthy despite the lack of a strong growth difference. 
The spinach plants exposed to different intensities of precipitation did not experience 
a growth benefit and instead could be displaying a stress response to the excess water. In 
the low intensity precipitation treatment, there was not a significant growth inhibition in 
the leaves or roots, but the higher TPC in both could indicate the plants were 
experiencing mild water stress. Plants require water to be stored in soil over time for their 
roots to take up for growth. However, when the ground becomes saturated for extended 
periods of time, this can produce hypoxic and anoxic conditions. Hypoxia due to the 
saturation of soils decreases oxygen levels (Kozlowski 1984) and increases levels of 
Radical Oxygen Species (ROS) and therefore oxidative stress (Hurng and Kao 1994). In 
response to increased levels of ROS, plants can produce increased levels of secondary 
metabolites such as phenolics and other antioxidants that can prevent the oxidation of 
plant material by reacting with and neutralizing ROS (Ismail et al. 2004). Increased 
abiotic stress has been shown to increase concentrations of secondary metabolites in both 
leaves and roots of plants (Hurng and Kao 1994; Aguilar et al. 2000; Abreu and 
Mazzafera 2005). As precipitation events increase soil saturation, plants could be 
exposed to greater oxidative stress with increased precipitation and thus produce higher 
concentrations of phenolic compounds, which could have overpowered the influence of 
leaching or dilution. 
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In the high intensity precipitation treatment, growth in the leaves was depressed in 
relation to the saturated treatment. The roots also tended to be larger, which could 
indicate water stress and production of adventitious roots (Reyer et al. 2013; Igamberdiev 
et al. 2005) though this was not a significant difference. The leaves of these plants had 
increased TPC. While the roots did not have significantly higher TPC, there was an 
inverse relationship between biomass and TPC with increased secondary chemicals in 
smaller roots, which could be a stress response. When stressed, plants can allocate more 
resources to producing secondary chemicals to ameliorate the impact of various kinds of 
stresses, often instead of allocating those resources to growth (Nurmi et al. 1996; Riipi et 
al. 2002). Combining the depressed growth and potential stress induced relationship 
between biomass and TPC in the roots with the high TPC in the leaves of plants exposed 
to the high intensity treatment could indicate a potentially stronger response of plants to a 
high precipitation treatment. 
The spinach plants experiencing below ground saturation appeared to respond 
positively by growing larger contrary to our initial prediction. However, the periodic 
saturated conditions might have also initiated the signaling cascade by identifying the 
potential water stress and instigating the preemptory production of secondary chemicals 
with antioxidative capacities. This manifested as higher TPC in the spinach leaves. There 
are multiple ways a plant can detect flooding and initiate an appropriate response to 
alleviate the potential danger. Proposed methods range from sensing water levels through 
transmembrane osmosensors (Urao 1999) to detecting ROS and oxygen (O2) 
concentrations with molecules like O2 sensitive hemoglobins (Sowa et al. 1998) to 
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monitoring gases like nitric oxide (NO) produced through reduction of nitrate and nitrite 
(Dat et al. 2004). After detection, plants can initiate production of molecules such as 
ethylene, abscisic acid, auxin, NO, and others (Dat et al. 2004). These molecules promote 
production of secondary chemicals through pathways like the Jasmonic Acid signal 
pathway (Ollas et al. 2013; Kamal et al. 2016). This process could have been initiated in 
all of the excess water treatments, which at least produced higher foliar TPC. The plants 
experiencing below ground saturation might have been able to take advantage of the 
excess water without inducing stress consequences reflected in growth or resource 
reallocation to TPC (Sasidharan et al. 2018). Future studies could compare this process to 
the response of secondary metabolite production in plants to drought-driven water stress 
conditions. 
In an agricultural context, a more sustainable system that is resilient to climate 
change would be able to maintain or enhance growth while either maintaining or 
increasing secondary metabolite content, which does respond to management strategies 
(Ahmed et al. 2017). Some amount of excess water appears to positively increase overall 
levels of secondary chemicals in spinach leaves, the relevant, edible portion for human 
consumers. However, if there is too much precipitation, this could cause a larger stress 
response and therefore optimize for secondary chemical content, but not growth. This 
could have negative implications with increased intensity of storms connected to climate 
change. Findings may help inform when best to harvest plants. It could be beneficial for 
farmers to harvest directly after plants are exposed to a certain level of excess water to 
optimize for crop quality since antioxidants degrade over time by stabilizing ROS (Reda 
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2011; Taghvaei and Jafari 2015). 
 While this study focuses on spinach, these results could also have similar 
implications for other specialty fruits and vegetables, especially leafy vegetables, where 
secondary metabolites are also an important part of their nutritional value. The influence 
on sustainable agriculture of environmental factors such as precipitation are important to 
consider when assessing the ethnomedicinal properties of plants and their relevance to the 
human diet in the context of a changing climate. 
 
2.6 Conclusions 
We show that precipitation has the potential to affect both the growth and quality of 
crops. Findings highlight that increasing precipitation may positively affect growth, but 
that high intensity precipitation may negatively impact growth and therefore yield. Crop 
quality, which can impact flavor, appearance, shelf-stability, and health promoting 
properties of crops, was generally increased under elevated precipitation in the spinach 
leaves. Increased crop quality could be beneficial for farmer livelihoods and for human 
consumers. However, there could be yield and quality costs if plants begin to fail due to 
more extreme weather and water stress; future research is called for to understand crop 
thresholds in response to increased precipitation with regards to crop quality. When 
considering sustainable agricultural practices and maintaining the crop quality, it could be 
prudent to factor precipitation and below ground saturation into the timing of when crops 
are harvested. Harvesting directly after a rainstorm, which, being aware of storm 
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intensity, might provide produce with the highest crop quality. 
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2.7 Figures 
   
 
Figure 2.1 | Mean biomass of all plants after receiving two intensities of rain or 
experiencing flooding. Panel a) shows results from the leaves and panel b) shows results 
from the roots. Each final group had 10 plants in it. Error bars represent standard error. 
Letters indicate significant differences in biomass. Mass was significantly lower in the 
leaves of the high intensity precipitation treatment compared to those in the below ground 
saturation treatment (F(3,10) = 4.07; p =.014). In the roots, there was no difference in 
biomass (F(3,10) = 1.91; p = .15). 
Control Low High Saturation
Sh
oo
ts 
(g
 d
rie
d 
m
as
s)
0.
0
0.
2
0.
4
0.
6
0.
8
(a) 
AB 
AB 
A 
B 
Control Low High Saturation
Ro
ot
s 
(g
 d
rie
d 
m
as
s)
0.
0
0.
2
0.
4
0.
6
0.
8
(b) 
A A 
A 
A 
		
36 
 
 
Figure 2.2 | Mean foliar total phenolic concentration in mg GAE g-1 dm of all plants 
after receiving two intensities of rain or experiencing flooding. Panel a) shows results 
from the leaves and panel b) shows results from the roots. Each final group had 10 plants 
in it. Error bars represent standard error. Letters indicate significant differences in TPC. 
TPC was significantly higher in the leaves of the low intensity precipitation, high 
intensity precipitation, and below ground saturation treatments (F(3,10) = 6.76; p = 
.0013, p =.0055, p = .016). In the roots, TPC was significantly higher in the low intensity 
aerial precipitation treatment (F(3,10) = 6.06; p < .001) than in the control treatment. 
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Figure 2.3 | The relationship between TPC and dry mass in spinach in all 
treatments. Panel a) shows results from the leaves and panel b) shows results from the 
roots. There were 10 plants in each final group. The groups are the low intensity aerial 
precipitation treatment (dark gray), high intensity aerial precipitation treatment (black), 
below ground saturation treatment (light gray), and control treatment (white). TPC 
decreased exponentially as mass increased in the high intensity aerial precipitation 
treatment in the roots (b= -1.84, t(8) = 35.14, p < 0.001, R2 = .74, F(1,8) = 26.08, p < 
0.001). 
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3.1 Abstract 
Cities are important areas for society that are both facing considerable environmental 
challenges and also provide opportunities for integrating human infrastructure with the 
surrounding environment. This study proposes a system whereby carbon dioxide (CO2) is 
taken from indoor spaces, moved through the ventilation systems, and applied to rooftop 
gardens or farms. The goal is to increase plant growth through a fertilization effect from 
elevated CO2 concentrations in building exhaust air. High concentrations of CO2 ([CO2]) 
were found to persist inside university classrooms when most likely occupied and stayed 
around 1070 ± 70 parts per million (ppm) CO2 and reached a maximum level of 4470 
ppm CO2. In measurements outside of the building of air coming from exhaust vents on 
rooftops, a similar pattern was found in [CO2], which stayed at an average of 830 ppm 
and reached a maximum of 1300 ppm during the same time. When building exhaust air 
was applied to spinach plants grown on the roof, growth was increased approximately 4-
fold in comparison to plants grown next to a control fan applying atmospheric air. There 
was a significant effect of wind speed that decreased growth by approximately 2-fold. 
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The same air was also applied to corn and a 2- to 3-fold increase in growth was observed. 
This indicates that other characteristics of exhaust air could contribute to a growth effect 
since corn is a C4 plant and does not respond as strongly to higher [CO2]. Overall, we 
find that building exhaust air can increase growth of spinach and corn. Enhancing growth 
in these spaces could help rooftop plants survive harsh conditions such as high 
temperatures, which could lead to increased implementation of rooftop gardens. 
3.2 Introduction 
Cities are a central hub of human society. In the context of a population expected 
to reach 9.7 billion by 2050 (Medek et al. 2017; UN 2017), almost all population growth 
is expected to occur in cities (United Nations, 2004). Urban land area is relatively small 
at 3% (Imhoff et al. 2004) total land area, but will have tripled by 2030 and urban 
population is expected to increase to 5 billion with potentially global effects (Seto et al. 
2012). Therefore we must consider both how environmental dynamics will impact urban 
populations and how these systems can best be integrated into the surrounding 
ecosystems. Integration would involve decreasing negative impacts of cities on the 
environment and the differences in environmental conditions between urban and non-
urban areas. 
 There are already studies looking at environmental impacts of cities such as the 
urban heat island (UHI) effect and altered water cycling patterns (Oberndorfer et al. 
2007; Stanamouris 2013; Bounoua et al. 2015; Mohajerani et al. 2017). The UHI 
originates from extra heat being absorbed by buildings made of lower-albedo materials 
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and a decrease of heat removal through evapotranspiration due to less green spaces 
(Elmes et al. 2017; Trlica et al. 2017; Ziter et al. 2019). The UHI can lead to 5 to 15 °C 
increases in temperatures in the largest cities relative to surrounding rural areas 
(Stathopoulou and Cartalis 2006; Memon et al. 2007; Stanamouris 2013; Mohajerani et 
al. 2017). Climate change is also expected to produce hotter, longer summers with more 
extreme heat waves (Centers 2012), which would be exacerbated in cities by effects like 
the UHI. The same materials that absorb more heat and make up buildings, sidewalks, 
and roads are also all hard, impervious surfaces. The higher impervious surface area leads 
to a decrease in infiltration rates during storms and a subsequent increase in run off, 
erosion, and flooding (Oberndorfer et al. 2007) and decreased water availability for 
vegetation (Briber et al. 2015). This excess runoff can also contain excess pollutants and 
overwhelm current storm water systems (Oberndorfer et al. 2007). 
 Cities concentrate people and therefore reduce overall development and 
destruction of natural ecosystems, but they do change the local environment. Recent 
studies have been finding that they have larger impacts than expected and in unexpected 
ways mediated by urban vegetation (Fitz et al. 1996; Kucharik et al. 2000; White et al. 
2000; Briger et al. 2015; Templer et al. 2015; Reinmann et al. 2016). Recent studies have 
examined carbon budgets of cities and found a considerable amount of carbon stored in 
urban vegetation and soils (Raciti et al. 2012). In a study of Massachusetts and the city of 
Boston, it was found that Boston is projected to contain a substantial amount of carbon, 
35%, of the terrestrial carbon sink by 2050 (Reinmann et al. 2016). While there are fewer 
trees and therefore a smaller carbon stock, evidence has been found of trees grow 
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significantly faster in cities though mortality is high (Briber et al. 2015). Changes such as 
the exportation of detritus from cities also contribute to the unique dynamics observed 
(Templer et al. 2015). Therefore increasing urban vegetation and ecosystems could 
influence carbon cycling and overall ecological dynamics. 
One well-known health problem in urban buildings is, elevated [CO2] can be 
associated with high levels of other indoor air pollutants like sulfur dioxide, nitrogen 
dioxide, particulate matter, formaldehyde, and microbial or biological contaminants (Lee 
and Chang 1999; Seppanen et al. 1999; Apte et al. 2000). Besides at very high 
concentrations, the primary direct impacts of CO2 are found on performance and 
cognitive function (Rice 2004; Zhang et al. 2018). Concentrations as low as 1000 ppm 
have been found to significantly decrease performance on mental tasks (Satish et al., 
2012) and concentrations of 2500 ppm have a large significant effect (Satish et al. 2012). 
Therefore limits of have been set of 5000 ppm for workspaces with 1000 ppm as a 
suggested limit leading to regular monitoring of [CO2] (OSHA 2012; ACGIH 2011; EPA 
1991; Apte et al. 2000). 
Simultaneously, CO2 is one of the primary building blocks of life and increased 
[CO2] and at elevated concentrations, the CO2 fertilization effect can increase 
photosynthetic efficiency (Ainsworth & Long, 2005) by decreasing photorespiration. 
Photorespiration is a wasteful side process in plants that occurs in the presence of 
relatively low [CO2] and high concentrations of O2 ([O2]) when the primary enzyme of 
photosynthesis, Ribulose-1,5-bisphosphate carboxylase/oxygenase(RuBisCO), reacts 
with O2 instead of CO2. Decreasing photorespiration has the potential to increase the 
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amount of carbon taken in by photosynthesis by 25% (Sharkey 1988). 
One area where a CO2 fertilization effect could increase growth is in rooftop 
gardens and farms. A considerable amount of the coverage within cities is rooftops; 
which take up approximately 25 to 30% of urban aerial space (Vaughan & Lenton 2011) 
and these spaces are primarily unused or only contain a limited amount of machinery. 
Rooftop gardens and farms can provide environmental, social, and health benefits such as 
mitigation of the UHI effect, storm water retention, air pollutant filtration, insulation, 
economic and community building opportunities, and food security when used for urban 
agriculture (Oberndorfer et al. 2007; Orsini et al. 2014; Ahmed et al. 2017). Food and 
fiber production could decrease dependency on external communities and increase the 
redundancy and resiliency of our agricultural system while addressing climate change by 
helping with climate enhanced negative urban environmental impacts and by harvesting 
carbon dioxide (Oberndorfer et al. 2007; Davies et al. 2011; Orsini et al. 2014). 
A major challenge facing rooftop gardens is decreased plant growth due to 
extreme environmental conditions such as higher wind and temperatures, heightened 
solar radiation, and limited soil moisture content (Ahmed et al. 2017). In this paper, I 
examine the potential for rooftop garden systems to use air from inside buildings to 
enhance plant growth with CO2 generated from human breath inside buildings. High 
levels of CO2 come from humans continuously respiring, which concentrates inside 
buildings where people stay for significant amounts of time (Lee and Chang 1999; Apte 
et al. 2000; Jin et al. 2015). CO2 is typically exhausted from buildings through ventilation 
or HVAC system and exhaust vents on rooftops. It is possible that CO2 in building 
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exhaust can be applied to rooftop gardens to increase growth of crops for consumption, 
yet to my knowledge nobody has examined this potential use of CO2 in building exhaust. 
Enhancing plant growth could make rooftop farms more productive and potentially 
capable of surviving harsher conditions. 
The design of my proposed rooftop garden system is modeled after Free Air 
Carbon Dioxide Enrichment (FACE) experiments, which administered higher [CO2] to 
plants but using open systems in order to allow for the soil-plant-atmosphere continuum 
to remain intact and more realistic assessments (Kimball et al. 1997; McLeod & Long 
1999; Long et al. 2006; Ainsworth et al. 2008; Leakey et al. 2009; Norby & Zak 2011). 
FACE studies illuminated the potential magnitude of CO2 fertilization on plant growth 
with limitation from nutrients, photosynthetic strategy, and many other factors (Long et 
al. 2004; Nowak et al. 2004; Ainsworth & Long 2005; Norby & Zak 2011;). However, 
there is still uncertainty around the growth enhancement and quality for different CO2 
fertilized plants, how other climatic factors influence responses in combination (Nijs et 
al. 1997; Cai et al. 2016), how a gradient or gradual increase in [CO2] changes results 
(Miglietta et al. 1997), how to optimize production (Ainsworth & Long 2005; Ainsworth 
et al. 2008), and how the nutrient and secondary chemical contents of plants is altered 
(Loladze 2002; Myers et al. 2014; Medek et al. 2017). Concerning the latter, there has 
been evidence that mineral and protein levels might decrease with increased [CO2], 
though the effect on secondary chemicals is less clear (Idso et al. 2001; Loladze 2002; 
Myers et al. 2014; Medek et al. 2017), which would be relevant in this system. Cities 
themselves have higher [CO2], temperature, ozone, nitrogen, and other environmental 
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factors ( Patterson and Eatough 2000; Weschler 2006; Xue et al. 2014; Briber et al. 
2015), which might change responses of plants to higher [CO2] (Kangasjärvi et al. 2005; 
Prajapati 2012; Rao et al. 2014). Despite these questions, many of the twelve initial 
FACE experiments are no longer running, potentially in part due to the high cost of 
purchasing and transporting condensed CO2 (Hendrey et al. 1993; Reece et al. 1995; 
Miglietta et al. 1997; Ainsworth and Long 2005; Calfapietra et al. 2010; Chakrabarti et 
al. 2012). 
The proposed system differs from current and previous FACE experiments 
because it uses only waste CO2 provided by human respiration. This is more sustainable 
while still providing concentrated CO2 and could make this system more feasible and cost 
effective to use compared to bringing in elevated CO2 as done in the FACE Experiments 
(Hendrey et al. 1993; Reece et al. 1995 Calfapietra et al. 2010; Chakrabarti et al. 2012). It 
also is an opportunistic system that does not apply constant CO2, but takes advantage of 
the fact that, [CO2] is higher during the day in buildings when plants use CO2 for 
photosynthesis. Other environmental factors like temperature and humidity also differ 
between the air coming out of the vent and atmospheric air. For example, extreme 
external rooftop temperatures reach levels that would stress plants. Because of a desire to 
maintain conditions for humans, indoor air would have a more moderate temperature 
regime and could act as a buffer. This study does not fully disentangle these parameters, 
but is an observational study that monitors and recognizes them as part of a ventilation 
treatment. It is a proof of concept study that takes the first steps towards understanding 
how and in what ways indoor air could have an overall effect on crop growth. 
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We hypothesized that there is a large build-up of CO2 indoors and enough CO2 is 
released from exhaust vents to affect plant growth in rooftop gardens and that plants 
exposed to air from the exhaust vent grow larger than plants not exposed to building 
exhaust. To test this hypothesis, the sources, sinks, and fluxes of CO2 within and out of 
buildings and atop rooftops were monitored to determine what could be considered the 
“building metabolism”. This [CO2] was tracked through the ventilation system and a 
rooftop garden was built attached to building exhaust vents to test for a CO2 fertilization 
effect. If it is possible to enhance plant growth in rooftop gardens by utilizing waste CO2 
exhausted from buildings, these systems could become more robust and therefore a more 
viable management option for building owners and city managers, help make buildings 
more actively engage with the surrounding environment, and use untapped urban 
resources. 
3.3 Methods 
Experiments were carried out in the fall of 2018 and the spring of 2019 in the 
northeastern United States in Boston, Massachusetts. [CO2] and other environmental 
measurements were taken inside of classrooms and at the rooftop exhaust vents. The vent 
air was directed at plants, spinach and corn, and the effect on growth was measured. 
3.3.1 Site Selection 
Building and rooftops at Boston University (BU) was used for this research. The 
local facilities staff was consulted in order to determine the safest location for the 
experiment, with considerations including condition of the roof, accessibility (whether 
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there is a staircase and door that exits onto the roof), and presence of parapets around the 
edge of the roof to prevent falling. Eight buildings were identified and an initial survey of 
exhaust [CO2] was conducted. Short-term measurements of [CO2] were taken during the 
middle of the day when buildings were occupied. Initial results indicated that [CO2] was 
raised at most buildings, ranging from 500 ppm to 1000 ppm in comparison to 
atmospheric CO2 at 410 ppm. A high school on the BU campus, the BU Academy 
(BUA), located at 785 Commonwealth Avenue had CO2 levels of approximately 700 
ppm and was chosen as the site for the rooftop garden/farm experiments. A large 
academic building, The College of Arts and Sciences (CAS), 725 Commonwealth 
Avenue, was also chosen for further indoor [CO2] measurements due to its central 
location on campus and the use of an online scheduling system within the building that 
provided more information about building occupation. 
3.3.2 Indoor Classroom [CO2] Measurements 
From January 2018 through March 2019, three [CO2] monitors (Onset HOBO 
Bluetooth Low Energy Carbon Dioxide – Temp – RH Data Logger, #MX1102) were 
installed in 15 classrooms in BUA and 20 classrooms throughout CAS. There was an 
initial factory calibration process where the monitors were placed outside and calibrated 
for 5 minutes using this internal system when first acquired and before use. Additionally, 
monitors were cross-checked with each other across a range of [CO2] by placing them 
together in a closed chamber with a series of [CO2] produced by human breath. Overall 
measurements as well as trends matched across all three monitors. Factory calibrations 
were also compared with and found to be within ±50 ppm of a 400 ppm standard 
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compressed air source (AirGas, city, state), which is close to the current atmospheric 
background [CO2] of 410 ppm (Dlugokencky and Trans 2018; Ng et al. 2019). 
Sensors were placed within classrooms at approximately the same height (1.5 m 
above the ground) and location as permanently installed [CO2] sensors and air monitors 
found within the classrooms. Installment of these sensors allowed us to make 
measurements reflective of those taken by the university. The approximate height was 
between 1.25 and 1.5 m, which is also similar to other studies (Lee and Chang 1999). 
Logging was started at least 2 minutes after installation to prevent CO2 contamination 
from the breath of the investigators. No installation effect was ever identified. A week 
was used as the time frame for each classroom to capture the dynamics throughout a 
normal workweek and over the weekend when different usage patterns were expected. 
Classrooms were primarily used because they represent a primary function of the school 
building. It is a relatively confined space occupied by multiple people for a designated 
period of time and therefore easier to track. 
3.3.3 25Live Classroom data 
25Live (CollegeNET, Portland OR) is a scheduling software used at multiple 
universities, including at BU. It assists with classroom management in buildings like 
CAS. This system allows for approved community members to reserve spaces for various 
events including classes. Event room, date, time, and anticipated occupancy data along 
with room size were collected from this system for 20 classrooms for the weeks during 
which the [CO2] sensors were installed. 
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3.3.4 Rooftop CO2 Measurements 
The [CO2] sensors were also installed on vents on top of the BUA roof. Two 
sensors were placed on Direct Drive Centrifugal Roof Exhausters Model PRN (ACME 
Engineering and Manufacturing Corporation, Muskogee, OK) and two were placed on 
control fans of the same type installed at separate locations on the BUA rooftop. We 
chose these, commonly referred to as mushroom vents, because of their prevalence on 
rooftops and the higher than normal [CO2] found in their exhaust air in comparison with 
other vents. Through discussions with facilities and inspection of building plans, they 
were also identified as general exhaust from internal human-occupied spaces. The sensors 
measured the [CO2], temperature and relative humidity of emitted exhaust vent air to 
determine whether [CO2] is higher than the atmospheric concentration and if 
measurements are correlated to internal dynamics connected to human usage of the 
building. 
Sensors were first installed at the exhaust vents for four weeks from June 25th to 
July 22nd of 2018 to understand dynamics during periods of time when there were varying 
amounts of people in the building. Information regarding the schedule of the building was 
obtained. During the first period of time, only instructional staff (no students) was present 
during the day, which consisted of 10–15 people. During the second half of monitoring 
the exhaust air, a camp program was run with around 175 students attending classes 
regularly throughout the day. 
The rooftop sensors were also run throughout the rooftop garden experiments. 
During this time, a sensor was also installed within a bathroom on the second floor of the 
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BUA. Blueprints for the design of the building indicated that this location was most 
likely the closest point within the building to where the exhaust vents were connected. 
This could be because the vents associated with restrooms fall under specific guidelines 
and are always operational and constantly remove air from inside the building. These 
could be less directly connected to classroom [CO2], but given general circulation and 
diffusion, could be representative of overall [CO2] within a building. 
3.3.5 Experimental Treatment and Garden set up 
On the rooftop, two Direct Drive Centrifugal Roof Exhausters were found to be 
functional, meaning turned on and actively and continuously exhausting air, and systems 
were set up around both of these vents. The two control fans and vent apparatus were 
installed on the same rooftop, but in an area where no functional vents were present. This 
design was implemented to control for the effect of the fans and vent apparatus without 
the input of exhaust vent air from inside of the building. Hereafter these treatments are 
called Exhaust Vents and Control Fans. 
During the test period,	daytime	conditions	from	the	exhaust	vent	were	similar	to	indoor	air	and	different	from	daytime	conditions	at	the	control	fan	as	shown	by	
[CO2], temperature, and relative humidity measurements (Figure 1).	For [CO2] the 
daytime measurements averaged 758 ±3.7 ppm CO2 at the Exhaust Vents, 512 ±2.8 ppm 
CO2 Inside, and 454 ±2.5 ppm CO2 at the Control Fan. None of the 95% confidence 
intervals for the Exhaust Vent (765.1-751.0), Indoor measurements (517.6-506.8), and 
Control Fan (459.4-450.0) overlapped though the Exhaust Vent was most different being 
67% higher than the Control Fan compared to Indoor measurements being 13% higher 
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than the Control Fan. For temperature, the daytime measurements averaged 72 ± 0.035 °F 
at the Exhaust Vent, 70 ±0.032 °F Inside, and 58 ±0.24 °F at the Control Fan. Since these 
measurements were taken in the fall, indoor temperatures were higher at the Exhaust 
Vent and Inside to compensate for cold outdoor temperatures. Confidence intervals for 
the Exhaust Vent (72.29–72.16), Inside (69.98-69.86), and Control Fans (58.32-57.37) 
showed a greater difference than with CO2 with Exhaust Vent and Indoor measurements 
being 25% and 21% larger than Control Fan air. For relative humidity, the daytime 
measurements averaged 45% ±0.38 at the Exhaust Vent, 45% ±0.40 Inside, and 68% 
±0.45 at the Control Fan. This was also reflected in the confidence intervals for Exhaust 
Vent (45.8-44.3), Indoor measurements (45.7-44.1), and Control Fan (68.9-67.1), which 
overlapped for Exhaust Vent and Indoor measurements and were 33.7% and 33.9% over 
the Control Fan measurements. These differences created the Exhaust Vent treatment 
experienced by plants grown in the experimental garden. 
The experimental garden was built directly around these four fans. Plants were 
grown in milk cartons since they hold a large amount of soil, are mobile, and are 
relatively accessible which makes the design more feasible for wider implementation. 
Milk crates are also the primary container used by the current installers of all rooftop 
farms in Boston and across the region, for example by Recover Green Roofs 
(www.recovergreenroofs.com). Recover Green Roofs has developed a RAMM (Recover 
Aerated Media Module) design with a non-woven Polypropylene Liner with organic 
compost-based potting mix (Recover 2018). They have conducted studies testing growth 
in different types of containers and rooftop farm designs and determined that milk crates 
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lined with felt are the most cost-efficient option, which produces the highest yields 
(Personal communication, Recover Green Roofs). The milk crate and felt portion of 
Recover Green Roof’s RAMMs were graciously lent by Recover Green Roofs for this 
experiment in order to maintain a system as similar to other rooftop farms in Boston as 
possible. Eight of these milk crates were placed in pairs around each of the four sides of 
each fan for a total of 32 milk crates. 
To apply the vent air, an important consideration was making sure we did not 
create any backpressure. This could have upstream effects and influence energy 
efficiency and cost, which is why we did not create a closed system to capture all of the 
air despite this meaning that some of the CO2 could escape. Instead we designed a curved 
aluminum structure (Figure 2) that attached around the base of the vent to adjust the 
angle of airflow and push the air upwards directly towards the leaves of the plants. This 
was also done with the intention of avoiding directing air at the planting media so as to 
not dry out the soil or influence soil moisture, which is a problem in rooftop gardens 
(Ahmed et al. 2017). 
3.3.6 Wind Speed 
An anemometer (HOLDPEAK 866B Digital Anemometer Handheld) was used to 
determine the wind speed of the exhaust vents. The wind speed at one vent was 
approximately 10 mph and 17 mph at the other. It was not possible to change the speed of 
either of these fans. Therefore, the speed of the two control fans were adjusted to reflect 
these wind speeds. 
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3.3.7 Plant growth: Study Species 
Spinach (Spinacia oleraceae L.) was used for the majority of rooftop garden 
experiments. Spinach is a compelling focal species because it is an economically and 
nutritionally important crop globally (Min 2014; Reddy et al. 2014). It is an important 
dietary vegetable due to its high nutritional value (Kuti & Konuru 2004) and notable 
quantities of secondary chemicals (Nuutila 2002; Bunea et al. 2008; Shohag et al. 2011), 
which can protect against chronic diseases (Howard et al. 2005). It is also from 
southwestern Asia and a cold-season crop (Candlish et al. 1987), which is relevant for 
this study because all of the experiments were run in the fall and spring seasons and a 
focal species that could grow during colder seasons was needed. This was important 
because the goal of the experiment was to test for the influence of exhaust vent air with 
potentially higher [CO2] on plant growth, but this requires the presence of people to 
produce the CO2. In a university or high school, highest occupancy occurs during the 
school year from early fall through the end of spring or beginning of the summer. 
Therefore, crop species were needed that would grow during the fall. Spinach utilizes the 
C3 photosynthetic metabolic pathway, which is more responsive to elevated [CO2] over 
the expected range studied here than plant species with other metabolic pathways 
(Kimball et al. 2002; Nowak et al. 2004). 
Corn (Zea mays) was also used for ancillary measurements in the spring exploring 
the effect of other characteristics of the exhaust vent air such as temperature. It is grown 
throughout the primary growing season and has less tolerance for cold than spinach 
(Warrington and Kanemasu 1982). Corn is also economically relevant as the most widely 
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planted crop in the United States with 31.9 million ha planted in 2002 (Kadam and 
McMillan, 2003). Originally from South America, corn is known to use a C4 carbon 
fixation strategy, which makes it less sensitive to increased [CO2] than C3 species 
(Ainsworth and Rogers 2007; Hatfield et al. 2011). This means that it should not respond 
as sensitively as spinach to increased [CO2], especially without drought stress from the 
exhaust vents and would instead respond more strongly to other environmental 
characteristics of the exhaust vent air such as temperature (Leakey et al. 2004; Long et al. 
2006; Ainsworth and Rogers 2007). 
3.3.8 Fall 2018 Experiment: Spinach 
In the fall of 2018, spinach seeds (Bloomsdale, Long standing, USDA organic) 
were purchased from Mountain Valley Seed Co. and planted in starter trays for four 
weeks in a classroom in the BUA with a large south facing window. They were watered 
approximately every other day from above until ready to be transplanted to the roof. For a 
week before being transplanted, the spinach was moved onto the rooftop for increasing 
amounts of time in order to allow them to adjust to being outdoors. The sprouts were then 
moved permanently up to the rooftop and 12 spinach plants, three rows of four, were 
planted in each of the 32 boxes. The experiment produced a total of 384 plants with 96 in 
each of four treatments, with each treatment distributed among 8 boxes. This represents 
pseudo replication with multiple plants and boxes surrounding only two exhaust vents 
and two control vents, each with a different wind speed (Ellsworth et al. 1996). 
Nature’s Care potting soil, and organic, compost-based soil similar to the potting 
mix in the Recover Green Roof RAMM system was used. After one day, the boxes were 
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moved next to the vents at the end of the metal sheets directing the vent air a foot away 
from the edge of the vent. Plants were watered approximately every other day once it had 
not rained for three days in a row. 
3.3.8.1 Plant Growth: Crop Performance 
 Every 10 days one row, or four spinach plants, was harvested. Plants were cut at 
the base just below the soil surface and immediately weighed to measure the wet weight 
of biomass. All plants were then frozen and kept at -80 °C until they were placed within a 
lyophilizer and dried for three days. At the end of this, plants were again weighed to find 
the dry weight of biomass. Three harvests were carried out until all plants were harvested 
after four and a half weeks. Each week the number of leaves was also counted on each 
plant. A leaf was counted once it had unfolded and the petiole could be seen extending 
from the center of the spinach plant. 
3.3.8.2 Environmental Measurements 
 The Onset HOBO sensors were also used to measure temperature and relative 
humidity continuously throughout the experiment, but besides this, measurements of soil 
moisture were also taken by hand. A hand-held Soil Moisture Meter (Vegetronix, Digital 
VG-Meter-200) was used to measure the soil moisture in each milk crate twice a week. 
 Since plants primarily undergo photosynthesis during the day, the environmental 
conditions during this period of time were of most interest for understanding growth 
dynamics. To find daytime measurements, the data between 8:00 am and 4:00 pm was 
isolated and further analyses were conducted on this subset of data. 
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3.3.9 Spring 2019 Experiment: Corn 
In the spring of 2019, additional measurements were taken using corn (Trinity 
Organic F1) purchased from Johnny’s Selected Seeds (Winslow, ME) instead of spinach 
with the same system and soil described above. Seeds were planted in starter trays for 
four weeks in the BUA classroom and watered approximately every other day. They were 
acclimated to outdoor conditions for a week before being transplanted with 9 plants in 
three rows of three being planted into three boxes in each treatment. This produced a total 
of 81 plants with 27 in each treatment. This also represented a pseudo replication system 
with the boxes containing the plants surrounding one vent per treatment. Plants were 
watered every other day once it had not rained for three consecutive days and the same 
biomass, leaf number, CO2, temperature, relative humidity, and soil moisture 
measurements were taken throughout. Only one harvest was done at the end of five 
weeks to measure biomass. 
In this experiment, only the low wind speed exhaust vent and control fan were 
used. A second control group was also added surrounding the second control fan, but the 
fan was not turned on in order to further test the effect of the wind speed on the plants. 
These ancillary measurements were done in order to get a preliminary understanding of 
whether environmental factors besides [CO2] such as temperature contributed to the 
growth effect on plants. 
3.3.10 Statistical Analysis 
All statistical analyses and data visualization were performed in R (Version 
3.4.4). For a subset of the classrooms in CAS (Rooms B08A, 114B, 201, 213, and 315) 
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where [CO2] was measured, the scheduling data were merged with the [CO2] data. The 
class times were then highlighted on the [CO2] graphs in order to determine overlap of 
[CO2] spikes and class times. 
Overall effect of the different treatments of air from an exhaust vent and a control 
fan on the wet and dry biomass and leaf number of the crops were analyzed with an 
ANOVA with each plant as the experimental unit. The treatment was the independent 
variable and the biomass or leaf number the dependent variable. The multiple 
comparisons using least squares means Tukey's HSD method was used to identify 
significant differences between treatments. This same analysis was done to determine 
differences between the different environmental characteristics at the different treatments 
and within the building, the different wind speeds at the four fans, and for the corn 
experiment. An ANOVA was used for analysis of the environmental characteristics even 
though averaging environmental data over time ignores non-linear impacts on trends. For 
the environmental measurements, 95% confidence intervals and effect size were also 
calculated. 
3.4 Results 
3.4.1 Indoor Classroom [CO2] Measurements 
In general classes began between 7:00 and 8:00 in the morning and ended 
between 5:00 and 7:00 at night. During this time [CO2] increased dramatically and 
maintained very high concentrations (Figure 3). Throughout all classrooms, 37% of the 
weekday-time was spent above 1000 ppm with an average daytime concentration of 1058 
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ppm. Concentrations reached as high as 4472 ppm. Once the day ended, levels dropped 
closer to atmospheric background levels around approximately 410 ppm (Dlugokencky 
and Trans 2018; Ng et al. 2019). Over the weekend, [CO2] was more variable. 
Based on the subset of classes that were compared with their schedules, increases 
and decreases in [CO2] coincided directly with classroom times (Figure 3a). As soon as 
class time started, levels increased though the range of [CO2] appeared to vary based on 
the classroom. This was most likely dependent on both classroom size and the nominal 
number of students within the classroom, which were both provided by the 25Live data. 
Increased [CO2] was almost entirely contained within the times when events or classes 
were scheduled though there were a few extra peaks as seen in room 213 (Figure 3b). 
3.4.2 Rooftop [CO2] Measurements 
The measurements taken from the exhaust vents over the summer during the first 
two weeks when very few people were in the building were consistently low and no clear 
temporal pattern was identified (Figure 4a). Once the camp began during the second two 
weeks and the number of people increased to approximately 175 people, a clear pattern 
became visible. [CO2] approached similar levels as seen within the classrooms (Figure 
4b) though they were overall lower most likely due to diffusion and leakage. During the 
weekday-time over the second two weeks of these measurements, [CO2] stayed above 
1000 ppm 10% of the time with an average daytime concentration of 832 ppm. Rooftop 
Exhaust Vent concentrations reached a maximum of 1303 ppm. Similar to indoors, [CO2] 
drop to atmospheric levels around 410 ppm once the day ends and stay lower over the 
weekend. There were two night times during the second two weeks when higher baseline 
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[CO2] was detected at both Exhaust vents. It is possible there was some separate 
mechanical or biological reason for this, but this pattern was not commonly seen 
throughout the rest of the exhaust vent [CO2] measurements and nighttime dynamics are 
less relevant for this system. 
 During the rooftop garden experiments, these patterns remained true with daytime 
[CO2] from the Exhaust Vents during the week being increased to around the same levels 
as described above. These correlated well with the indoor [CO2] measurements taken in 
the second floor bathroom. 
3.4.3 Spinach Crop Performance: Fall 2018 Experiment, Wind Speed 
Four measurements were taken over the four and a half weeks, but only data from 
the fourth day was used going forward. Unexpectedly, there was a highly significant 
difference between growth at the fans with different wind speeds in terms of both wet and 
dry biomass respectively (F(1,1) = 25.98, p < .001; F(1,1) = 14.96, p < .001). The plants 
grown next to the fans running at the higher speed, 17 mph, for the Exhaust Vent were 
significantly smaller than those grown next to the lower speed fan, 10 mph, for the 
Exhaust Vent (Figure 5; p < .001, p < .001). The growth next to both Control Fans was 
too low for a difference to be detected (p = .96, p = .99), but even at the higher wind 
speed, the growth enhancement effect of the Exhaust Vent still significantly increased 
wet and dry biomass compared to growth next to both the Control Fans at high and low 
speeds (p = .011, p = .0058; p = .043, p = .0028). Because of this effect, going forward, 
only the data from the plants surrounding the lower speed fans were used. 
 The same was found for leaf number (F(1,1) = 23.64, p < .001). The number of 
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leaves grown next to the Exhaust Vent at the higher speed was less than at the Exhaust 
Vent at the lower speed (p < .001), but the difference between leaf number at the high 
and low speed Control Fans was not significant (p = .25). The Exhaust Vent effect did 
still lead to more leaves being produced at the high-speed Exhaust Vent in comparison to 
the high-speed Control Fan (p = .0017). However leaf number at the high-speed Exhaust 
Vent was not significantly different than the leaf number next to the low speed Control 
Fan (p = .23). 
3.4.4 Spinach Crop Performance: Biomass and Leaf Number 
 Overall, the wet and dry weight and leaf number of the spinach grown next to the 
Exhaust Vent were significantly greater than those of the spinach grown next to the 
Control Fan (Figure 6; F(1,1) = 57.69, p < .001; F(1,1) = 56.87, p < .001; F(1,1) = 41.11, 
p < .001). The average weight of plants next to the Exhaust Vent was 0.45 g ± 0.013 (± 
SE) compared to 0.12 ± 0.041 at the Control Fan. The average leaf number of plants next 
to the Exhaust Vent was 7 ± 0.08 compared to 5 ± 0.15 at the Control Fan. For spinach, 
the growth by dry biomass around the Exhaust Fan was almost four times larger than 
growth around the Control Fan with means of 0.45 ±0.04 g and 0.12 ±0.13 g. 
3.4.5 Environmental Measurements 
 For soil moisture, no significant differences were found for any other factor 
(Figure 7). Data from the 8th day of data collection was used here to be consistent with 
the data from the third harvest and the last leaf number measurements. 
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3.4.6 Corn Crop Performance: Spring 2019 Experiment 
 During the spring experiment, the same environmental trends were found overall 
for temperature, CO2, and relative humidity (See appendix). With the wet and dry 
biomass respectively, there was a significant difference for the corn (F(1,2) = 10.13, p < 
.001, p < .001) with the growth next to the Exhaust Vent being significantly higher than 
at both the Control Fan and the Control for both wet (Figure 8; p < .001, p = .012) and 
dry (p < .001, p = .0045) biomass. There was also a difference in color between the 
treatments (Figure 9). The corn was between 2 and 3 times larger at the Exhaust Fan 
versus the Control fan with means of 0.17 ±0.005 g and 0.065 ±0.008 g. 
3.5 Discussion 
 Indoor measurements of [CO2] in two university buildings were very high 
throughout the day, often above health limits, which are recommended to stay below 
1000 ppm CO2 (OSHA 2012; ACGIH 2011; EPA 1991; Apte et al. 2000). Where 
schedule data was available, the times when CO2 was high always fell precisely when the 
rooms were scheduled to be used. Though less precise, similar patterns were found in 
[CO2] in air released from exhaust vents on rooftops where levels increased during times 
when people were present inside the building. The [CO2] emitted on rooftops are within 
the range relevant for increasing plant growth and enhanced growth was found when this 
air was applied to spinach. Increased growth in corn was also found in a subsequent 
experiment confirming the role of environmental factors besides [CO2] in growth 
enhancement. 
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3.5.1 Indoor Classroom [CO2] 
Normally indoor [CO2] measurements are used in the context of health and energy 
efficiency. This study considers it in the context of healthy [CO2] in classrooms, but also 
from the perspective of using CO2 as a resource for plant growth. We measured increased 
[CO2] leading to a considerable build-up of CO2 during the daytime and during the week 
from constant human respiration. These patterns were particularly connected with human 
patterns and lined up almost perfectly with the expected event schedule for all of the 
rooms. Therefore humans are by far the most important driving force of [CO2] in similar 
buildings. 
There were a few days where there was an extra peak in [CO2]. These peaks were 
later at night or over the weekend. Personal observations along with active comparisons 
with the 25Live schedule revealed classrooms being used after scheduled class time by 
groups of students studying. There was also one example for room 213 where there was 
an extra scheduled time over the weekend without a corresponding [CO2] peak. Because 
of the close correlation of scheduled events with [CO2] peaks it is most likely an event 
where the event did not occur, but the booking was not cancelled in 25Live. Levels over 
the weekend are most likely generally lower and more variable because classroom spaces 
are used less often since classes are not in session. This is consistent with expected 
human usage. 
A more surprising part of these results is how high [CO2] remains and for how 
long it remain high. As mentioned previously, the suggested limit for [CO2] particularly 
in classrooms is 1000 ppm (EPA 1991; Apte et al. 2000), but daytime [CO2] during the 
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week remains above this 37% of the time and the fact that the average is over 1000 ppm 
and the maximum is over 4000 ppm indicates that it can stay well above 1000 ppm for 
significant periods of time. This could be problematic for students and other BU 
community members whose performance could be affected by the [CO2]. It would be 
beneficial for the university to reconsider the current system and look into the necessary 
changes in ventilation to decrease [CO2]. 
3.5.2 Rooftop [CO2] 
In buildings, some amount of fresh air is brought into buildings by the ventilation 
system and the timing of this is most often based on indoor temperatures and may also 
involve deciding when it is most energy efficient to do so. Used classroom air is moved 
through the ventilation system to the exhaust vents or recycled back through the building. 
This could introduce differences between concentrations in indoor spaces and the exhaust 
stream. Air could also be diluted from diffusion or lost through windows, doors, and 
other unsealed openings in buildings, which would also account for difference between 
[CO2] within classrooms and the concentration in air leaving the building through exhaust 
vents. Exhaust vents would then release any remaining CO2 into the atmosphere. These 
processes could be considered “Building Metabolism”. 
Therefore [CO2] from Exhaust Vents might not have mirrored the patterns of 
indoor spaces. However, looking at the clear change in pattern in the [CO2] exhaust vent 
data when there were and were not people in the building lends considerable support to 
the hypothesis that human respiration also drives CO2 fluxes through exhaust vents. 
These results along with the monitoring of indoor spaces concurrently with the air from 
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exhaust vents and finding similar patterns, also indicate that the exhaust vents, which are 
separate from the air recycling system, are still representative and influenced by overall 
dynamics within buildings. Similarly, since [CO2] within the building remained low and 
fluctuated close to atmospheric [CO2] when fewer people were in the building, this 
indicates that the CO2 from human respiration is the primary driver of building 
metabolism. 
[CO2] from Exhaust Fans were slightly lower than, but still fairly similar to indoor 
air levels. Rather than 37% of the time, Exhaust vent air was above 1000 ppm 
approximately 10% of the time and the maximum only reached 1303 ppm, but the 
average concentration was 832 ppm, which is still much higher than background levels. 
There was some discrepancy in the indoor [CO2] hypothetically directly below the fans 
being lower than external [CO2], but there is uncertainty in current accuracy in the 
ventilation blue prints and it is possible the exhaust vents are also drawing from other 
sources. 
3.5.3 Plant Growth Effect 
[CO2] in both classrooms and coming from rooftop exhaust are higher than 
ambient [CO2], 410 ppm, and within a [CO2] range that could induce a CO2 fertilization 
effect. As [CO2] increases above 400 ppm, photosynthesis increases until approaching an 
upper bound around 1000 ppm (Rogers et al. 1994). Above this, rates increase at a much 
slower pace. [CO2] between 400 and 1000 ppm should generally induce a clear CO2 
fertilization effect in C3 plants. 
There is also evidence that plant physiology can respond differently to higher 
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[CO2]. A study by Fleisher et al. 2008 looked at interactive effects of drought and higher 
[CO2] and found that characteristics such as stem and apical stem length, plant length, 
leaf appearance duration and rate, leaf area, and leaf number can be altered by higher 
[CO2] though primarily through interactive effects. The fact that these characteristics 
could vary based on [CO2] could support the increase in leaf number found here, which 
also could have been a part of the mechanism for increased biomass in the plants exposed 
to exhaust vent air. 
 
The overall [CO2] patterns found here with exhaust air mirroring indoor air and 
human activity at high concentrations during the day, supports the concept that Exhaust 
Vent air with CO2 specifically from humans could be used as a resource for plant growth 
enhancement. These rooftop exhaust values being between 500 to 1000 ppm and within 
the relevant 400 to 1000 ppm range indicates that a rooftop exhaust application system 
could increase rates of photosynthesis and plant growth in rooftop gardens. 
3.6 Proposed System 
The system described in this study creates a more circular carbon process starting 
with CO2 from human respiration which travels through the building and garden system 
to be eaten by humans again and respired (Figure 10). As humans metabolize food and 
perform various energy intensive functions, they break down sugars and release carbon in 
the form of CO2. This CO2 is released into the space around them at very high 
concentrations, around 4% CO2. Within confined spaces, the CO2 from respiration can 
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build up. From here the CO2 travels through the normal ventilation system. Much of this 
CO2 gets recycled, but some of it goes through exhaust vents on the roof. If the CO2 from 
these vents is applied and incorporated into food products in gardens, it can prevent this 
CO2 from being released into the atmosphere and instead draw it down into biomass as 
well as the soil through exudation by the root systems. Some of this will escape through 
plant and soil respiration (Hanson et al. 2000), but some will be stored in the soil and the 
crops can be ingested by humans in place of other food products normally brought in by 
carbon intensive agricultural and transportation systems  (Pirog et al. 2001; Halwell 
2002). These products can then reenter the human body, be incorporated, and eventually 
broken down and used for energy. This creates a tighter loop retaining CO2 within this 
urban system. 
3.6.1 Variability within an Opportunistic System 
The fact that CO2 is not always respired introduces inherent variability into this 
system. It therefore can not be applied constantly. However, variability is common in 
nature, for example with rainstorms and plants have developed many strategies for 
coping with times of drought (Aroca 2012). Even f not constant, the CO2 is still a 
valuable resource. The current opportunistic proposed system redirects air already being 
expelled through exhaust vents at its current schedule towards plants. It takes advantage 
of what already exists and avoids more complicated additions such as methods for 
condensing the CO2 or decreasing [CO2] variability by controlling application to produce 
a constant CO2 source. These modifications would require the use of more energy, which 
would alter the overall carbon footprint of this system. This application system works 
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best with buildings primarily used for work and study that have high [CO2] during the 
day when plants are best able to use it for photosynthesis. Some FACE studies purposely 
created a system where CO2 was applied intermittently, only during the day either to 
match the timing with photosynthesis or [CO2] was already higher at night. Growth 
enhancement effects were still found (Miglietta et al. 1997; Moore et al. 1999; Edwards 
et al. 2001; Leakey et al. 2009). This type of system is easier to construct and incorporate 
on as many buildings as possible, which would aid in wider implementation. 
3.6.2 [CO2] Versus Other Vent Characteristics 
Understanding which factors such as [CO2], temperature, relatively humidity, etc., 
are most important for plant growth enhancement could be helpful for planning and 
modeling purposes going forward. The hypothesis for this study was that [CO2] would 
impact growth. We also attempted to get a preliminary understanding of whether other 
factors are contributing this growth effect by growing a C3 and a C4 plant, spinach and 
corn. The C3 plants should respond much more than C4 plants to higher [CO2] (Kimball 
et al. 2002; Nowak et al. 2004; Long et al. 2006; Ainsworth and Rogers 2007; Hatfield et 
al. 2011). This is because C4 metabolism is a photosynthetic process specifically 
designed to increase CO2 uptake efficiency, so even at low concentrations it already has 
higher rates of photosynthesis and therefore would not be changed by higher external 
levels. It does this by concentrating CO2 in bundle-sheath cells where RuBisCo, the 
enzyme that ultimately fixes CO2, is. This decreases photorespiration and increases 
reactions of RuBisCO with CO2 instead of O2, which increases the efficiency of carbon 
taken in by photosynthesis (Sharkey 1988). Plants like corn can have a positive growth 
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response to higher CO2 (Leakey et al. 2004), but this is mostly in the context of drought 
(Long et al. 2006) since higher [CO2] can increase water use efficiency (Ainsworth and 
Rogers 2007). Overall, C4 plants normally do not respond strongly to higher CO2. 
Looking at results, there was a large multiple-fold change in growth for spinach in 
the fall, which showed cumulative growth four times larger than the control, but there 
was also a large multiple-fold change in growth for corn in the spring growing two to 
three times larger than the control. This could indicate that other environmental factors as 
well as [CO2] such as temperature could be enhancing plant growth. Both spinach and 
corn are sensitive to temperature and have an approximate optimal temperature of 20 °C 
for spinach and °30 C for corn (Warrington and Kanemasu 1983; Boese and Huner 1990; 
Yamori et al. 2006), so avoiding extreme temperatures would help growth. 
There are many considerations that should be made for this observational study. 
Spinach and corn are different plants that could respond differently to environmental 
parameters, one example being their different photosynthetic strategies, C3 and C4 
metabolisms. Also, these experiments were done in the fall and the spring and the effect 
of growing these in either season could impact the response of either plant. Spinach is a 
cold weather crop that was particularly chosen for this experiment because it could 
handle the colder spring and fall temperatures (Yamori et al. 2006). That also means 
these are times when temperature is definitely limiting, so having warming air being 
added in the late fall would be expected to also influence growth. Corn was less well 
suited for the colder temperatures, so there was already an extra stress present, though it 
also means the temperature buffering could be more likely to have an effect as well. 
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Overall, it makes sense that multiple factors would contribute to a growth change. Studies 
have looked at the different and combined effects of CO2 and temperature on plant 
growth in multiple species (Nijs et al. 1997; Zvereva and Kozlov 2006; Cai et al. 2016) 
including corn (Hatfield et al. 2011; Tongson et al. 2017). CO2 and temperature are two 
of the most critical factors relating to plant growth and are highly likely to be altered by 
climate change (Dentener et al. 2013). Going forward, this could be further understood by 
studies that are able to fully control for [CO2], temperature, and other environmental 
factors. 
3.6.3 Wind Speed 
To further optimization this system and increase implementation, how to decrease 
wind speed must be determined since higher wind speeds negatively impacted plant 
growth. A second control without any wind was included in the smaller study with corn 
and there was no significant difference between growth around the Control Fan and the 
Control. The concern is whether air from the fan would either dry out the soil or 
physically impact the plant (Onoda and Anten 2011). Soil moisture is a significant 
problem in rooftop gardens where conditions can be relatively dry given the hotter 
temperatures experienced on rooftops. Weight restrictions on buildings also limit soil in a 
rooftop garden or farm compared to a forest or field on the ground, so the soil that is 
present holds less water. The environmental conditions of the exhaust air relative to 
outdoor air change throughout the year depending on how we are modifying our internal 
environment. During the Fall of 2018, internal and therefore air from the Exhaust Fan 
showed a lower relative humidity compared to control atmospheric air. However, there 
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were no differences found in soil moisture between treatments or by wind speed. 
Therefore this was most likely not the mechanism of growth inhibition. The mechanical 
impact of the air and/or its desiccating tendency on leaves could have caused the decrease 
in growth. Some wind is necessary for plants to develop their overall structure (Onoda 
and Anten 2011), but they are limited by higher wind speeds (Bang et al. in 2010). 
One approach to address the inhibitory effect of high wind speed is to design a 
unique vent or vent attachment that could decrease wind speed at the plant, while still 
maintaining the same conditions that increase growth. The air could be collected at the 
vent and funneled into a series of tubes that ran along the soil that released the air upward 
or sideways towards the plants. This could be addressed with mechanical engineering 
approaches and further knowledge of gas and fluid transport. 
3.6.4 Spatial Extent 
A critical next question is what impact could this system have on rooftop gardens 
and farms on a larger scale, which requires an answer to the question of how far away 
from the vent a growth effect can be found. Frost covering the rooftop would show an 
approximately 2 m outline around the exhaust vents where the warmer indoor air melted 
the frost (Figure 11a) not including where the air was redirected upwards towards the 
plants in contrast to around the control vents (Figure 11b) where no outline was seen. 
Understanding this range is critical to increasing the impact of this system on larger 
rooftop garden systems. Sensors could be placed at different distances from the vent to 
measure where conditions return to background conditions. Since there was a growth 
difference, plants could also be grown in lines extending away from the vent. This 
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approach has the advantage of also determining specifically how far away the growth 
effect can be detected, which is the variable of interest in this system. Once this value 
was attained, different designs for application systems could be built and tested to find 
the design that extends the growth effect farthest from the vent. A new design should also 
incorporate a series of designs based on different types of vents found on rooftops. A 
survey of a wider sample of buildings and types of buildings could help determine the 
number and types of the most relevant ventilation systems. A design could also be 
developed that entirely replaces normal ventilation fans. 
3.6.5 Scaling Up: Preliminary Calculation of Potential Impact 
To attempt to quantify the potential this application system has to contribute to 
larger processes, we did a preliminary calculation focused on vegetable production. 
Vegetables would be one of the primary commodities and benefits rooftop farms could 
provide to urban communities. Orsini et al., 2014, also looked at vegetable production in 
rooftop farms in a field study was conducted to optimize the amount of crops that could 
be produced and therefore carbon harvested. They then scaled up across the entire city of 
Bologna, Italy identifying all of the flat rooftops and determining that 77% of produce 
used by the city could be grown in rooftop farms within city limits. This indicated that 
covering rooftops within a city with rooftop farms could contribute a substantial amount 
of produce to the overall needs of the city. 
To determine how much adding growth enhancement systems to these farms 
could increase production, we made a first order estimation using the numbers from the 
study. They looked at 3,500 rooftops with an area of 8200000 m2 and found that it was 
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possible to produce 12,505 tons of produce annually, which covers 77% of the 16,169 
tons needed annually to feed a population of approximately 385,329. To determine the 
potential contribution of the exhaust air application system, multiple assumptions were 
made. First we assumed that, in its current state, the area of impact of an application 
system was a circular area with a 2-meter diameter. This is approximately the distance a 
temperature effect was observed in the frost on the rooftop and is around the distance the 
air reaches. This system has not been optimized for CO2 application in any way. 
Therefore, we also included a calculation that reached a circular area with a 4-meter 
radius assuming air could be transported and applied at least twice as far away. Since it is 
required to exhaust air from a building at least from certain parts of buildings 
(International 2012), we assumed there would be at least one vent per rooftop though we 
also calculated the effect if there were two vents. We also assumed a growth 
enhancement of 3 times, which was the average of the 2- to 4-fold increase found for 
spinach and corn. Given the current system without any adaptations, the amount of 
enhancement would also vary based on proximity to the source, which is why we took an 
average growth enhancement rate. 
Given these assumptions, an area of either 12.6 m2 or 50.3 m2 for 2- or 4-meter 
diameters respectively would be influenced with only 1 vent and 14.1 m2 or 100.5 m2 
with 2 vents. With 3,500 buildings, this leads to an area of at least 43,982 m2 and at most 
351,858 m2 (Table 1). The percentage of roof space enhanced ranges from 5% to 43% 
and this enhancement leads to an extra 1,342 to 10,732 tons annually, which is an 
increase of 11% to 86%. This brings the percentage of produce that is grown on the roof 
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out of what is needed by the entire population to 86% to 144%. If a middle option is 
found to be true, with 1 or 2 vents found on each roof and with an enhancement effect 
between 2 and 4 meters around the roof, adding this system could be the difference 
between only producing 77% of what is needed and producing all of what is needed by 
the city of Bologna Italy. 
The biggest unknown factors here are the area of effect, the number of vents, and 
the enhancement effect for different plants. For the area of effect, full experimental 
studies must be done first further characterizing this area. Then since no optimization has 
been done, there is considerable potential and space for new, creative, intelligent designs, 
which could considerably increase the growth effect area. To determine the number of 
vents on rooftops in Bologna, an on-site assessment would have to be done potentially 
coupled with Google Earth observations as was done with identification of flat roof tops 
in the study by Orsini et al. This would vary based on local code. There is also 
uncertainty around the exact plant growth enhancement effect that could be expected 
from different plants, which would have to be tested along with studies understanding the 
different effect of different characteristics of the air. 
To extend this analysis to Boston, more assumptions were made. An exact 
assessment of viable rooftop area on a certain number of buildings has not been done. 
Therefore, we collected data on the number of buildings in Boston (Boston 2017). To 
estimate the number of viable rooftops, we first estimated the number of buildings in 
Bologna to be 33% less than Boston based on Boston being 1.5 times the physical area of 
Bologna (Boston 2019). Then we used the ratio of buildings to viable buildings for 
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Bologna, Italy to estimate the number of viable buildings in Boston, USA, which was 
5,762 buildings (Table 1). Using a similar ratio is not necessarily realistic because it 
assumes that the architectural choices and types of buildings are similar between the two 
cities, but the differences could not be quantified. 
To determine the rooftop area, the Boston Buildings dataset stated that it did not 
have exact measurements (Boston 2017), so we took the total area of Boston (Boston 
2019), which is 232,070,000 m2, and only used 30% of that (Vaughan & Lenton 2011). 
To get the area of viable rooftops, we then used the same ratio for area as we did for 
buildings, with the total amount of buildings being 21 times larger than the number of 
viable buildings. This analysis led to a total area of 3,313,398 m2, which is larger than in 
Bologna, Italy with 820,000 m2. Without the enhancement system and using the rate of 
production of 41.7 g m2 per day found by Orsini et al., 55,485 tons of produce annually 
could be grown. Making another assumption that diets in Boston could be somewhat 
similar to diets in Bologna and considering that the current population in Boston is 
694,583 (Boston 2019), the amount of produce that could be needed would be 29,146 
tons annually. This estimates that 190% of the vegetables consumed in Boston could be 
produced in rooftop gardens compared to 77% in Bologna. This could provide excess that 
could be distributed to the surrounding areas of Boston, which would have more 
residential buildings and potentially less flat rooftops. 
If the exhaust air application system described here was added to rooftop farms in 
Boston, this would increase production on 4% to 26% of rooftop area with a total area of 
144,815 m2 to 868,889 m2, producing an extra 4,849 to 29,095 tons annually. This 
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amount of produce would increase the estimated production by 9% to 52%, which would 
increase the percentage of the population whose vegetable needs would be met to 
between 207% and 290%. To acquire a more accurate estimate, a full assessment of 
viable rooftop space would have to be done to know specifically which and how many 
rooftops would be suitable for rooftop gardens.  
3.6.5 Carbon Cycling 
A next step would be to understand what this means in terms of carbon footprint 
and carbon harvesting. This exhaust air application system draws CO2 from human 
respiration. Respiration is a waste source of CO2, which makes it more sustainable to use 
since it is not from fossil fuels. Currently, all larger scale attempts at carbon removal and 
utilization have been attached to fossil fuel plants because of the higher [CO2] being 
released from smoke stacks. Ideally, society will eventually move away from using fossil 
fuels. This system provides a way we can continue to remove CO2 from the atmosphere 
with a higher efficiency from a point source, but without supporting the burning of fossil 
fuels. 
A carbon footprint for a rooftop garden or farm would include the carbon stored 
in the garden, the embodied carbon or carbon emitted in building the garden, and avoided 
carbon based on the functioning of the garden in the larger system. For carbon stored, a 
study by Whittinghill et al. 2014 found that the amount of carbon stored in rooftop 
gardens varied based on the type of garden. Whereas extensive sedum gardens only held 
0.38 kg C m2 (Getter et al. 2009), gardens containing more shrubs and herbaceous plants 
and grasses were able to hold an average of 68.2 kg C m2 (Whittinghill et al. 2014). For 
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embodied carbon, which increases overall CO2 emissions, Getter et al. 2009 estimated 6.5 
kg C m2 to be an accurate amount. There are also avoided CO2 emissions that could be 
expected from either decreased energy use of the building below (Oberndorfer et al. 
2007; Batchelor et al. 2009; Garrison et al. 2012; Toudeshki et al. 2013) or avoided 
transport of food if the rooftop garden is used as a farm to produce crops (Pirog et al. 
2001; Halwell 2002; Lower and Dining 2014). Rooftop gardens could decrease air 
conditioning emissions by 10 to 43% (Meier 1990; Garrison et al. 2012), which would 
decrease air conditioning related CO2 emissions. A study by Pirog et al. 2001 found 
produce brought to Chicago travels an average of 1,518 miles and that using local food 
from the surrounding area reduced the associated carbon emissions by 5 to 17 times. If 
the food was actually produced in the city, there could be even greater reductions. To 
determine how much rooftop gardens and farms could contribute, a larger assessment of 
the carbon footprint would have to be conducted. 
3.6.6 Future Directions 
This study clearly highlights the need for the design of a new application system 
that can help with wind speed effects and increasing the spatial extent as well as 
determining the relative contributions of different environmental factors to the overall 
growth effects. Particularly since this was an observational study mostly limited to 
looking at overall effects of ventilation air on plants as a proof of concept experiment, it 
was not possible to fully separate or quantify the effect of different parameters. Going 
forward, a study should be done with a full factorial experiment that controls for the 
different variables, especially CO2 and temperature. This could, for example, assess what 
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happens to plant growth when exposed to only high CO2 concentrations from ventilation 
air, only temperature buffering, and both combined. Isotopes could also be used to 
determine how much of the CO2 in these plants was from human breath versus from 
atmospheric air to confirm or disprove the influence of a CO2 fertilization effect. 
Further development of this system could be used as an inexpensive method for 
conducting more FACE studies that use a waste source of CO2 and therefore would not 
be inhibited by high costs of CO2. This could provide options for studies on intermittent 
and increasing [CO2] and different kinds of plants and how responses might change with 
different combinations of factors. Whether or not the CO2 fertilization effect decreases 
the nutritional content of crops should be also analyzed (Idso et al. 2001; Loladze 2002; 
Myers et al. 2014; Medek et al. 2017). The response of plant nutrients and secondary 
chemicals grown in this system might be different than in other FACE studies since there 
are differences in nutrient cycling in cities when compared to rural, natural and other 
agricultural sites (Rao et al. 2014; Templer et al. 2015; Decina et al. 2016). The effects of 
increased [CO2] in different biomes and urban systems could be considered. Urban 
systems will become more relevant as the area of urban land expands and more people 
move into cities (United Nations, 2004), particularly in the context of other ways cities 
influence environmental factors through dynamics such as the urban heat island effect 
and water cycle changes (Orberndorfer et al. 2007). While this study focuses on urban 
environments, it is important to note that this concept could also be applied to buildings 
in rural areas if a large enough number of people are present in a building. 
The influence of this system could be understood for different plants and for 
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buildings with different building metabolisms as well as for what plants would be best 
suited for each building type. For example, people would more often be inside a 
residential building at night, which would decouple the largest source of CO2 from the 
time when the plants are growing most during the day. This type of building might 
benefit from a storage and concentration option or growing plants using a CAM 
photosynthetic strategy. Also, a school building will be tied to the school schedule, so the 
largest number of people will be inside the building from September until May or June. 
This is important for which crops are grown and more spinach, kale, and other cold 
weather crops could be easier to produce. On the other hand, an office building would 
have people in it throughout the year and a wider variety of crops could be grown for a 
longer period of time. Therefore different design considerations would most likely have 
to be made for different types of buildings. 
 This system takes advantage of an underutilized resource that particularly exists 
in large quantities in cities. There could be other unique resources cities might have that 
could be used to enhance plant growth and generally make cities more sustainable. Point 
sources of other nutrients that are beneficial to plants or microclimates that allow for the 
production of certain crops could exist. Advancing urban agriculture for crops could be 
one approach to harvesting more carbon and developing a more sustainable relationship 
with our environment by using all available space for soil and crops with less intensive 
production and transportation systems. 
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3.7 Conclusion 
 Cities are facing a variety of environmental challenges and it would be beneficial 
to find ways to grow plants on underutilized rooftops. This is the first study to our 
knowledge to propose a system to take indoor air with higher [CO2] and apply it to plants 
grown in a rooftop garden or farm. The enhanced growth found is consistent with a CO2 
fertilization effect as characterized by FACE experiments. It also indicates the influence 
of other environmental characteristics of the exhaust vent air, potentially such as 
temperature, in increasing growth. At the same time, it identifies future challenges that 
must be overcome like designing a system that can decrease wind speed, which was 
found to decrease growth. Depending on further assessments of how this system could be 
scaled up, implementing this approach on rooftops across cities and increasing overall 
urban vegetation could help address some of the environmental challenges cities face. 
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3.8 Figures 
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Figure 3.1 | Environmental 
conditions created by 
treatments. These show a) 
CO2, b) temperature, and c) 
relative humidity (RH) 
trends over day 26, a 
representative day of 
environmental trends found 
throughout the experiment. 
Generally, exhaust vent air 
and indoor air stayed at very 
similar measurements during 
the day. Exhaust Cent CO2 
was highest with Inside CO2 
lower, but control fan CO2 at 
the lowest. For temperature 
and relative humidity, 
Exhaust Vent and Inside air 
tracked very closely to each 
other. The control vent was 
lower and then higher than 
both Exhaust Vent and Inside 
air for temperature and 
relatively humidity 
respectively. 
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Figure 3.2 | Experimental garden set up around rooftop exhaust vents and control 
fans. Spinach was planted in milk crates provided by Recover Green Roofs positioned 
next to various vents for approximately four and a half weeks until harvest after which 
growth was measured. 
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Figure 3.3 | Classroom CO2 measurements and class times. CO2 sensors (Onset 
HOBO Bluetooth Low Energy Carbon Dioxide – Temp – RH Data Logger, #MX1102) 
were installed in classrooms for one week. Classroom data were collected for these 
classrooms from the 25Live scheduling system used by BU. Class times were plotted 
against CO2 concentrations over time to compare CO2 spikes with classroom usage. 
Spikes occurred primarily during class time in classrooms a) CAS 201 and b) CAS 213. 
In Room 213 there were a few later peaks indicating students might have stayed later 
after class or over the weekend to work in the classroom. Green boxes show class times 
and the black line shows CO2 Concentrations. 
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Figure 3.4 | CO2 released from rooftop vents on a building while unoccupied and 
occupied. Sensors were attached to two vents on The BUA roof for four weeks. During 
the a) first two weeks, only baseline staff was present and during b) the second two 
weeks a camp was being run. Within the two-week sets, the dark and light red lines are 
measurements from vent 1 in the first and second week respectively and the dark and 
light blue lines from the second vent in the first and second week respectively. There are 
no CO2 peaks in the first two weeks and peaks up to 1200 ppm during the second two 
weeks indicating the connection between exhaust vent CO2 and building occupancy. 
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Figure 3.5 | Average dry weight of spinach plants in response to wind speed of fans. 
Two fans were at a higher wind speed (17 mph) and two were at a lower speed (10 mph) 
and one of each of these was a control fan and exhaust vent. Between the exhaust vents, 
the plants exposed to high wind speeds were smaller (p < .001). Even with this, the 
exhaust vent was able to recover growth compared to both the low (p = .0058) and high-
speed (p = .0028) control fans. Only the plants at the low wind speed fans were used 
going forward to minimize wind speed effect. These data were from harvest 3 and 
different capital letters indicate statistically significant differences among treatments. 
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Figure 3.6 | Dry mass and leaf number of spinach next to exhaust and control vents. 
There was a significant increase in both dry mass (p < .001) and  leaf number (p < .001) 
with exposure to exhaust air. These data were from harvest 3 and different capital letters 
indicate statistically significant differences among treatments. 
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Figure 3.7 | Differences in soil moisture between treatments. Soil moisture at the two 
fans was not significantly different. 
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Figure 3.8 | Dry weight of corn grown in Spring 2019. Corn was grown to look at the 
response of a crop that should not respond to CO2 and another control was added to 
further look at the effect of the wind speed. Corn grown next to the exhaust vent was 
larger than at both the control fan (p < .001) and control garden (p = 0.0045). Different 
capital letters indicate statistically significant differences among treatments. 
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Figure 3.9 | Pictures of boxes of corn from Spring 2019 experiment. Besides a weight 
difference, there was a color difference between the plants at the exhaust vent and those 
at the control fan and control garden. Those at the exhaust fan were greener presumably 
because of the influence of warmer temperatures. 
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Figure 3.10 | Conceptual diagram showing the carbon cycle within experimental 
rooftop gardens. CO2 travels a) from the human body b) out into the classroom within a 
building. This CO2 then is brought c) through the ventilation system to the rooftop and d) 
released through an exhaust vent. Our system will apply this CO2 to e) plants in a rooftop 
garden after which f) humans can consume the crops and the carbon can return to the 
human body. 
 
 
a)	
b)	
c)	
d)	
e)	
f)	
Figure 1. Carbon Cycle Within Experimental Roof Top Garden. CO2 travels from the human body 
(a) out into the classroom (b) within a building. This CO2 then is brought through the ventilation 
system (c) to the roof top and released through an exhaust vent (d). Our system will apply this CO2 to 
plants in a green roof garden (e) after which humans can consume the crops (f) and the carbon can 
return to the human body. 
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Figure 3.11 | Pictures of the control fan and exhaust fan in November 2018. The frost 
around the exhaust vent melted giving a first indication of the warming extent of the vent 
effect and the change in temperature between the two treatments.  
 
 
a)	 b)	
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Table 3.1 | Contribution of an exhaust vent application system to production in 
rooftop gardens in Bologna, Italy and Boston, USA. Calculations were based on Orsini 
et al. 2014. 
Bologna, Italy 
Rooftops (units) 
2 Meter 
1 Vent 
4 Meter 
1 Vent 
2 Meter 
2 Vents 
4 Meter 
2 Vents 
Buildings with flat roofs 3500 3500 3500 3500 
Area of rooftops (m2) 820000 820000 820000 820000 
Number of Vents per building 1 1 2 2 
Radius of Effect Around Vents (m) 2 4 2 4 
Surface Area around each vent (m2) 13 50 25 101 
Surface Area around all vents (m2) 43982 175929 87965 351858 
Percent of rooftop space enhanced (%) 5 21 11 43 
Produce         
Annual Vegetable Production (tons yr-1) 12505 12505 12505 12505 
Produce in enhanced area (tons yr-1) 671 2683 1341 5366 
Extra growth (with 3-fold increase, (tons yr-1) 1341 5366 2683 10732 
Total growth (tons yr-1) 13846 17871 15188 23237 
Percent Increase from Current Production (%) 11 43 21 86 
Total Needed Produce (tons yr-1) 16169 16169 16169 16169 
Percent Needs Currently Met (%) 77 77 77 77 
Percent Needs Met with Enhancement (%) 86 111 94 144 
Difference between Current and Enhanced (%) 9 34 17 67 
         
Boston, USA 
Rooftops (units) 
2 Meter 
1 Vent 
4 Meter 
1 Vent 
2 Meter 
2 Vents 
4 Meter 
2 Vents 
Number of buildings 5762 5762 5762 5762 
Area of rooftops (m2) 3314000 3314000 3314000 3314000 
Number of Vents per building 2 2 3 3 
Radius of Effect Around Vents (m) 2 4 2 4 
Surface Area around each vent (m2) 13 50 13 50 
Surface Area around all vents (m2) 144815 579259 217222 868889 
Percent of rooftop space enhanced (%) 4 17 7 26 
Produce         
Rate of Daily Production (g m-2 d-1) 41.7 41.7 41.7 41.7 
Daily Production (kg d-1) 138194 138194 138194 138194 
Annual Vegetable Production (tons yr-1) 55485 55485 55485 55485 
Produce in enhanced area (tons yr-1) 2425 9698 3637 14547 
Extra growth (with 3-fold increase, (tons yr-1) 4849 19397 7274 29095 
Total growth (tons yr-1) 60334 74881 62759 84580 
Percent Increase from Current Production (%) 9 35 13 52 
Boston Population 694,583 694,583 694,583 694,583 
Total Needed Produce (tons yr-1) 29146 29146 29146 29146 
Percent Needs Currently Met (%) 190 190 190 190 
Percent Needs Met with Enhancement (%) 207 257 215 290 
Difference between Current and Enhanced (%) 17 67 25 100 
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4.1 Abstract 
Modern society is in need of creative solutions to global, large-scale issues such 
as climate change. Synthetic biology promises to provide helpful tools such as the ability 
to engineer organisms to produce pharmaceuticals, biofuels, and small molecules in a 
sustainable manner. An area that can be improved is the balance between carbon dioxide 
(CO2) emissions and drawdown in the production of food and use of fertilizers. In this 
study we produce a plant growth enhancer that can supplement and reduce the use of 
traditional fertilizers while requiring less energy to make and causing fewer negative 
environmental consequences. Using the nodABC pathway from Bradyrhizobium 
japonicum, we engineered Cupriavidus necator to produce the lipochitin oligosaccharide 
(LCO) molecule Nod Cn V (C18:1). The product was identified and confirmed by HPLC 
and LCMS and quantities similar to B. japonicum were produced. Application of Nod Cn 
V (C18:1) increased spinach germination by 69% and spinach sprout weight by 41%. Corn 
sprout weight, shoot weight, and shoot length increased by 42%, 55%, and 25% 
respectively. In greenhouse studies corn wet weight and leaf number also increased. A 
gas fermentation system creating lithotrophic conditions was used with the only major 
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inputs being CO2 and H2 leading to a sustainable production pipeline for a natural plant 
growth enhancer. 
4.2 Introduction 
Currently, society is emitting 32 GtCO2 yr-1 through the burning of fossil fuels 
(Edenhofer et al. 2015). This amount of CO2 is approximately twice as much as can be 
drawn down by ecological systems and emissions are still increasing (Canadell et al. 
2007; Schimel et al. 2015). Continuing this trend could lead to over a 2 °C increase in 
global temperatures (Rogelj et al. 2016) along with other climate alterations such as a 
40% increase in precipitation extremes (Ficher and Knutti 2015; Zhao et al. 2017). These 
alterations could create conditions outside of the range for which humans evolved during 
the Holocene (Hansen et al. 2013). Avoiding creating potentially dangerous conditions 
would require both reducing the burning of fossil fuels and increasing rates of CO2 
removal from the atmosphere (Vaughan and Lenton 2011; Dentener et al. 2013). In 
response to global increased atmospheric CO2 concentrations, an increase in the rate of 
plant growth has already been observed (Ainsworth and Long 2005; Norby and Zak 
2011). Increased growth has resulted in a higher carbon uptake with 60% of current 
photosynthetic CO2 drawdown due to carbon fertilization (Schimel et al. 2015). 
Therefore, further enhancing plant growth could lead to increased CO2 drawdown. 
The current primary approach to increasing plant growth is through inorganic 
fertilizers synthesized using fossil fuels and the Haber Bosch process developed in 1913 
(Galloway et al. 2013). Fertilizers contain macronutrients essential for growth such as 
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nitrogen (N), phosphorus (P), and potassium (K). In nature, N is a very stable gas in the 
form of N2 that makes up 78% of earth’s atmosphere. However, plants require a reactive 
form of nitrogen such as ammonium (NH4) and nitrate (NO3-) (Erisman et al. 2007). 
Breaking the triple bond requires a large amount of energy (Roberts 2009), which is done 
through the Haber-Bosch process. This process uses natural gas to transform N2 into 
ammonia (NH3+) (Galloway et al. 2013) (Figure 1). Fertilizer application increases global 
crop yields by 30-50% (Erisman et al. 2007), but requires 1% of global energy 
consumption (Bruulsema and Fixen 2009), and therefore a significant portion of 
worldwide CO2 emissions (Bellarby et al. 2008; Kahrl et al. 2010). 
The 100 Tg of N used annually in agriculture is also used inefficiently, with 
nitrogen use efficiencies dropping from 80% to 30% from 1960 to 2000 (Erisman et al. 
2007). The excess nitrogen escapes into the environment (Sebilo et al. 2013; Shcherbak 
et al. 2014) bringing about overstimulation of both terrestrial and aquatic systems, 
climate-warming impacts from unintended emission of the potent greenhouse gas N2O 
(Bruulsema et al. 2009) acidified soils (Fenn et al. 1998), reduction in water quality, algal 
blooms (Anderson 2004; Paerl et al. 2011), oxygen minimum zones, fish kills (Nixon and 
Fulweiler 2009), and decreased biodiversity (Aber et al. 1995; Vitousek et al. 1997). In 
addition, environments affected by nitrogen pollution provide less ecosystem services 
(Galloway et al. 2003). Therefore, it would be beneficial to develop a more sustainable 
fertilizer that does not cause these negative downstream effects. 
Biological methods for creating reactive nitrogen can provide alternatives. 
Diazotrophs are capable of breaking the triple bond of N2 and “fixing” it into reactive 
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forms of nitrogen using a nitrogenase enzyme in exchange for carbon (Schlaman et al. 
1997; Santi et al. 2013). Some diazotrophs, such as rhizobium, are also capable of living 
in symbiosis with the roots of plants, primarily legumes, and initiating the growth of 
nodules. Within nodules, an oxygen free environment is created to allow for activity of 
the oxygen-sensitive nitrogenase (Azcon et al. 2013). This study proposes using parts of 
this process to engineer a system that is capable of producing a plant growth enhancer. 
One promising target is a class of molecules called lipochitin oligosaccharides 
(LCOs). In native environments, LCOs are the first signal molecules produced by 
rhizobium in response to detection of flavonoids, like genistein, released from plant roots 
(Zhang et al. 2002; Santi et al. 2013; Azcon & Barea 2013). In their simplified form, 
LCOs are an oligosaccharide of acylated chitin (polymerized N-acetylglucosamine) with 
a fatty acid moiety on the non-reducing terminal monomer (Sanjuan et al. 1992; Tejerizo 
et al. 2011). By adding a variety of functional groups to the monomers, the LCOs attain 
more complex and diverse structures that make them species-specific (Gottfert et al. 
1990; Lerouge et al. 1990; Ardourel 1994; Spaink and Lugtenberg 1994; D’Haeze and 
Marcelle 2002) and enables correct pairing. 
Different legumes are the normal recipient of LCOs, but it has been found that 
different species, both legumes and non-legumes, can respond to LCOs. LCOs can act as 
a general growth enhancer when applied externally to plant seeds and roots, specifically 
crops such as soybean, corn, tomato, barley, pea, cotton, and vetch (Prithiviraj et al. 
2003; Chen et al. 2007; Miransari and Smith 2009; Kidaj et al. 2012; Subramanian et al. 
2016). Studies have proposed a mechanism of an enhancement of cell division through 
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mimicking activity of the native plant hormones (Hirsch et al. 1989; Heidstra et al. 1994; 
Röhrig et al. 1995) leading to increased root growth and access to more nutrients 
(Schlaman et al. 1997; Mathesius et al. 1998; Yang 2002). 
A potential explanation for the wider than expected range of responsive plants is 
that nodule formation and arbuscular mycorrhizal (AM) associations are very similar and 
arbuscular mycorrhizae form relationships with approximately 60% of all land plants 
(Smith 2015). Many of the factors involved in nodulation formation are derived from the 
AM association system (Maillet et al. 2011). There are several genes essential for 
initiating both mycorrhizal and rhizobial endosymbioses, including MtDMI1, MtDMI2, 
and MtDMI3 (within the model legume Medicago truncatula) (Genre et al. 2013). This is 
considered to be part of the ‘common SYM’ signalling pathway (Parniske et al. 2008). 
Upstream of the common SYM pathway, there is an MtNFP gene, which encodes a LysM 
Receptor-Like Kinase, NFP, which is required for LCO detection (Arrighi et al. 2006). 
LCOs are one of the first chemical signals associated with the induction of nodules, so 
overlap of these systems is not surprising (Smith et al. 2015). 
Myc LCOs, LCOs used in mycorrhizal associations and a recent discovery, are 
very similar to Nod LCOs though they are often slightly simpler structures with less 
chemical additions. These Myc LCOs do not require the presence of the MtNFP gene, but 
they have a related receptor for Myc LCO detection and AM colonization (Genre et al. 
2013). They are used in very similar ways to how Nod LCOs are used (Maillet et al. 
2011) and also have been found to stimulate growth in plants (Oláh et al. 2005). Nod 
LCOs being closely related to Myc LCOs could help explain their wider range of impact. 
		
96 
We incorporated this knowledge into the design of our molecules by only including the 
genes necessary for building the most basic Nod LCO so the resultant product will be 
more similar to the Myc LCOs and be able to influence a wider range of plants. 
A benefit of using this system is the well-known nature of the genes controlling 
the production of Nod factors. The native species chosen for this study is Bradyrhizobium 
japonicum, which has been used as a model organism in the field of genetics, particularly 
in initial studies of nitrogenase, for decades (Graham et al. 1984). It is the primary 
species that forms a symbiotic relationship with soybean (Jordan 1982). Therefore it has 
been well studied, simplifying the process of identifying necessary parts for the 
production of basic LCO molecules. The relevant genes from B. japonicum are nodA, 
nodB, and nodC. These encode three enzymes, an acyltransferase, deacetylase, and an N-
acetyl-glucosaminyltransferase respectively that are required to build the basic LCO 
backbone (Spaink et al. 1991; Perret et al. 2000; Azcon et al. 2013). LCOs also function 
at micromolar concentrations (Spaink & Lugtenberg 1994; Prithiviraj et al. 2003) because 
of their ‘hormone-like’ function, which makes plants extremely sensitive to LCOs. 
Therefore, only a small quantity is required to significantly influence plant growth, which 
limits required resources for production. 
There are some larger scale production systems that are already producing LCOs 
using B. japonicum and applying them to plants to enhance growth (Smith et al. 2015). 
These production systems are less efficient, less flexible, and less sustainable than the 
system proposed here. They are less efficient because B. japonicum grows slowly (Jordan 
1982; Souleimanov et al. 2002). This system is less flexible because B. japonicum are 
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only capable of making one LCO, Nod Bj V (C18:1 MeFuc) (Sanjuan et al. 1992). 
Responses to different LCOs vary across plant species (Prithiviraj et al. 2003), so only 
being able to produce one is limiting. B. japonicum could be engineered to produce 
different types, but this has proven challenging (Graham et al. 1984; Hattermann and 
Stacey 1990; Paau 1991; Lihong 1993; Krause et al. 2002; Masuda et al. 2010). LCO 
production has been enhanced in a native strain (Cárdenas et al. 1995; Spaink et al. 1995; 
Maillet et al. 2011), it has never been engineered to be soley produced by a non-native 
strain. Traditional production systems are less sustainable because they require a 
significant amount of resources and materials, such as a carbon source, to produce 
desired compounds (Torella et al. 2015; Nangle et al. 2017). Photosynthetic systems can 
circumvent this limitation by using atmospheric CO2 as a carbon source (Kornienko et al. 
2018). However, systems using photosynthetic organisms experience other limitations 
such as light requirements (Kumar et al. 2011). Some other studies have attempted to 
create LCOs through chemical means (Despras et al. 2014) or through engineering E. 
coli, but they have not achieved a final product (Samain et al. 1999). One study created 
LCOs using both chemical methods and an engineered strain, but this required multiple 
steps and materials and did not use a sustainable system (Chambon et al. 2015). 
Therefore the method of production of LCOs is an area for improvement. 
We propose engineering Cupriavidus necator H16 and growing it in lithotrophic 
conditions, providing only inorganic substrates for energy, in a gas fermenter. C. necator 
is a facultative lithoautotrophic aerobe native soil microbe and its hydrogenases are 
relatively insensitive to oxygen (Savage et al. 2008; Lu et al. 2012; Fritsch et al. 2013; 
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Torella et al. 2015). Insensitive hydrogenase makes it possible to work with C. necator in 
aerobic conditions, which are easier to work in than anaerobic conditions (Liew et al. 
2016). C. necator is also non-pathogenic, requires inexpensive minimal media 
components, has a large variety of pathways to utilize carbon, and its 
polyhydroxybutyrate (PHB) pathway has been used in industry to produce biodegradable 
plastics and serves as a significant carbon storage pathway (Brigham et al. 2012; Bi et al. 
2013; Chen et al. 2015). This species is also more genetically tractable since many tools 
for engineering have been developed such as compatible plasmids, descriptions of 
appropriate growth conditions, and functional conjugation protocols (Bi et al. 2013 ). It 
has already been engineered to make a variety of products (Brämer and Steinbūchel 
2001; Overhage et al. 2002; Lu et al. 2012; Chen et al. 2015; Torella et al. 2015; Crépin 
et al. 2016), though all of these were produced in heterotrophic conditions.  
C. necator is able to subsist using CO2 and H2 as the primary inputs (Chen et al. 
2015; Nangle et al. 2017). Organisms grown in lithotrophic conditions and using H2 
metabolism acquire energy from breaking the H-H bond of an H2 molecule. H2 
metabolism is currently the most efficient form in lithotrophic conditions due to the fact 
that it is more specific than other options such as formate, and causes less cellular stress 
(Watanabe et al. 2009; Kornienko et al. 2018). CO2 and H2, can be acquired from carbon-
based fuel (Liew et al. 2016) or from more sustainable alternatives such as CO2 
atmospheric capture systems (Lackner 2009) and H2 from certain electrodes requiring 
minimal energetic input from solar cells (Torella et al. 2015). C. necator is one of the 
most effective microbes at converting H2 into biomass (Chen et al. 2015). 
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In this study we develop a system to produce a plant growth enhancer using 
engineered C. necator, in a lithotrophic gas fermentation system. This system synergizes 
the relationship between agriculture and fertilizers in a sustainable manner whilst 
incorporating atmospheric CO2 back into the terrestrial carbon cycle. 
 
4.3 Methods 
4.3.1 Strain Construction 
The three primary genes of the nodABC gene cluster were amplified from B. 
japonicum USDA6 using a polymerase chain reaction (PCR) method. Modified in lab, 
conditions were 98 °C (5 min) for an initial denaturation followed by 35 cycles at 98 °C 
(30 s), 58 °C (30 s), and 72 °C (3 min). After this a final extension time at 72 °C for 5 
min was included before temperatures remained at 4 °C until removed (Wyman et al. 
2013). These genes were cloned into an arabinose-inducible, C. necator-compatible 
replicative vector (pBAD) with the following primers; forward – TTGGAATTCAAAAG 
ATCTTTTAAGAAGGAGATATACATATGAACATTGCCGTCTC, reverse – TTATTT 
GATGCCTGGAGATCCTTACTCGAGTTTGGATCAACGCACTAGTGTCGAG. 
Plasmid construction was done using a NEB Gibson Assembly kit according to 
manufacturers’ guidelines with Escherichia coli DH5a being used as the vector host. The 
plasmid was then transformed through electroporation into a donor strain MFDpir (a 
generous gift from Professor George Church, Harvard University) and conjugated into C. 
necator (ATCC 17699). This required incubation of the two strains overnight without 
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antibiotics at 30 °C and subsequent dilution and colony selection on 250 µg/mL rich 
broth kanamycin plates. The inserts were confirmed using Sanger Sequencing (Eton 
Bioscience). 
4.3.2 Cell Culture and Nod Factor Production 
The B. japonicum strain was cultured in a medium with 2.6 g HEPES, 1 g yeast 
extract, 0.5 g gluconic acid, 0.5 g mannitol, 0.22 g KH2PO4, 0.25 g Na2SO4, 0.3 g NH4Cl, 
0.0112 g FeCl3.6H2O, 0.017 g CuCl2.2H2O, 0.18 g MgSO4.7H2O, NaMoO4.7H2O, 0.0021 
g NiCl2.6H2O, 0.01 g CaCl2.2H2O, and 1 L distilled water.  The C. necator H16 strains 
were cultured in a rich broth medium with 16 g nutrient broth, 10 g yeast extract, 5 g 
ammonium chloride, and 1 L of distilled water supplemented with 250 µg/mL 
kanamycin. Both were grown at a temperature of 30 °C under continuous shaking at 200 
rpm. Cultures were first streaked out on plates using the above medias with 14 g Noble 
Agar. Colonies were chosen and starter cultures grown over 2 and 1 day(s) for B. 
japonicum and C. necator until stationary phase when OD620 reached 2.0 and 5.0 for B. 
japonicum and C. necator respectively. These were used to inoculate 50 mL cultures, 
which were also grown up to stationary phase after 2 and 1 day(s) and diluted into 200 
mL cultures to an OD of 0.2. Cultures were grown until an OD of 1.0 (2 and 1 day(s) for 
each species) (Torella et al. 2015; Liu et al. 2016) and induced by adding genistein 
(Sigma) to B. japonicum to a final concentration of 5 µM (Souleimanov et al. 2002) and 
arabinose to C. necator at 0.3% (2.4 mL of 25% solution in 200 mL culture) (Liu et al. 
2017). The cultures were incubated for an additional 96 and 76 hours before harvesting 
(Souleimanov et al. 2002). 
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Cultures of the engineered C. necator were also grown in lithotrophic conditions. 
The same process was used as described above except the rich broth cultures in 50 mL 
was spun down and washed twice with Schuster minimal media containing 3.5 g  
Na2HPO4, 1.5 g KH2PO4, 0.5 % NH4Cl in 940 mL with 20 mL added of three solutions 
with 0.2 g MgSO4 2H2O, 2.5 mg CaSO4 2H2O, and 1.5 mg NiSO4 7H2O; 20 mg 
FeC6H5O; and 10 g NaHCO3 in 400 mL each for a total of 1 L and 2% of each additional 
solution. All were filter sterilized prior to use except the FeC6H5O solution, which was 
added after sterilization (Torella et al. 2015; Liu et al. 2017). After being washed, the 
cultures were seeded in 125 mL of Schuster media supplemented with 250 µg/mL 
kanamycin. These were placed inside sealed Vacu-Quick jars, which were filled with H2 
(8 inHg) and CO2 (2 inHg) with air as balance. All cultures were stirred continuously 
using magnetic stir bars and allowed to grow for approximately 6 days at 30 °C until 
above OD 2, indicating a successful switch to lithotrophic growth. Cultures were then 
added to 125 mL of fresh Schuster media with 250 µg/mL kanamycin at an OD of 0.2. 
After reaching mid-log phase after approximately two days of growth, cultures were 
induced with 0.3% w/v arabinose (1.5 mL of 25% solution in 125 mL culture) and 
harvested after 3 days. Throughout the time when the cultures were in lithotrophic 
growth, the air was replenished every day with CO2 or the H2/CO2 mix on alternating 
days (Liu et al. 2017). 
4.3.3 Isolation of Nod Factor 
The cultures grown were then extracted with 0.4 v of HPLC-grade 1-butanol by 
shaking vigorously for 10 min. The material was then centrifuged (Eppendorf Centrifuge 
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5910 R, CFG-092) for 10 min at 4000 rpm. The upper butanol phase was separated and 
dried in a rotary evaporator under vacuum at 55 °C (Yamato, New York, USA). This was 
redissolved in 2 mL of 20% acetonitrile and analyzed by HPLC (Agilent 1200 Semi Prep 
HPLC) (Prithivirajet al. 2003). As a reference, we analyzed an LCO standard and 
samples from B. japonicum USDA 6 induced with genistein, a known inducer of the 
native B. japonicum species (Sanjuan et al. 1992). A Vydac C18 reverse-phase column 
(Vydac, Hesperia, Calif., USA; 5 mm, 250 x 4.6 mm, catalogue #, USA) was used with a 
flow rate of 0.7 mL min-1. As a baseline, 18% acetonitrile was run through the system for 
at least 10 min prior to injection. The purification was done using a flow rate of 1 mL 
min-1, starting at water-acetonitrile 82:18, which was held constant for 45 minutes. This 
was followed by a linear gradient for 90 minutes from solvent A to solvent B ending at 
water-acetonitrile 18:82 [v/v]. Ten minutes in isocratic solvent was included as a post run 
(Lian et al. 2002). A shorter method was developed in lab using a flow rate of 0.7 mL 
min-1, starting with an isocratic solvent A (water-acetonitrile, 70:30 [v/v]) held for 10 
min, followed by a linear gradient from solvent A to solvent B (water-acetonitrile, 50:50 
[v/v]) for 25 min. The chromatographic peaks corresponding to the LCOs eluted between 
24 and 28 minutes and were identified by comparison with an LCO standard, Nod Bj-V 
(C18:1, MeFuc), prepared from B. japonicum strain USDA 523C (a generous gift from 
Professor D. Smith, McGill University, CAN). There were two LCO peaks that were 
detected using UV absorption at 206 nm. A standard curve was created with the standard 
LCOs where the values for both peaks were combined for each concentration and an R2 
of 0.997 was attained providing the equation y = 0.19x + 15 used to calculate unknown 
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yields (Figure A.1). 
The LCO sample structures were also confirmed by positive-ion Quad Time of 
Flight (Q-TOF) mass spectrometric analysis using a tandem mass spectrometer and 
Collision-Induced Dissociation in combination with HPLC on a 10 μL aliquot. The 
method and mobile phases were the same as those used with the HPLC alone except the 
mobile phases had an addition of 1% formic acid to both LCMS grade water and LCMS 
grade acetonitrile. LCOs from the LCO standard, induced B. japonicum, and C. necator 
strains were all analyzed. The energy of the Cs+ ions was 25 keV, and the accelerating 
voltage of the instrument was set to 8 kV (Tejerizo et al. 2011; Crook et al. 2016). 
Results were recorded using a scanning method from m/z 1415 to 1417 over 1 second. 
The main compound for the standard and B. japonicum gives a peak at z = 1416.7 (M1H) 
(Sanjuan et al. 1992). The main compound for the C. necator strains give a peak at z = 
1256.7 (M1H). Samples from induced and uninduced wild type C. necator as well as 
uninduced vector control and engineered strains were all tested for LCOs using this 
method and none were found. Results for LCO production in B. japonicum in rich 
conditions were used for comparison with production from lithotrophic samples, since B. 
japonicum could not be grown in lithotrophic conditions due to the sensitivity of its 
dehydrogenase to oxygen. 
4.3.4 Germination 
The produced LCO molecules were applied to relevant plant species and 
approximate active ranges of concentrations were identified. Plant responses can be 
sensitive to concentration of LCOs (Prithiviraj et al. 2003), so a range of concentrations 
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was tested for each plant. Three species were included in germination tests; Spinacia 
oleracea L. (spinach) variety Regent, Glycine max L.(soybean), and Zea mays L. (corn) 
variety Trinity F1. Varieties were partially chosen for their relevance to agriculture in 
order to make this study as easily applied as possible. Seeds of all three species were 
surface-sterilized with 2% sodium hypochlorite for 2 min, rinsed with sterile distilled 
water 10 times for spinach and 6 times for soybean and corn and then blotted dry. Each 
seed was soaked in the appropriate treatment solution for 30 minutes after being 
sterilized. A 9-cm diameter sterile petri dish was made with 1% noble agar and a 1 mm 
filter paper disk was placed on top of the agar. Five seeds were transferred onto the filter 
paper in six plates and five milliliters of distilled water (negative control), LCO standard 
(positive control), B. japonicum LCO extract (control), traditional N-based fertilizer 
(Miracle grow, 1 mg/mL), or solutions of purified extract from C. necator vector control 
strain or Nod factor producing strain at concentrations of 10–5, 10–6, 10–7, 10–8, 10–9 or 
10–10 M were dispensed into each Petri dish. The Petri dishes containing spinach seeds 
were incubated at 21±2 °C and those containing corn and soybean were incubated at 
25±2 °C, all in the dark. The number of sprouted seeds was at least every 2nd day for 9 
days for spinach and 6 days for both soybean and corn (Souleimanoc et al. 2002). At the 
end of these time periods, each seed and sprout was weighed. The root and shoot systems 
were disconnected from the rest of the sprout when applicable and weighed separately. 
The root length and shoot length were measured for each seed that sprouted when 
appropriate by identifying the longest root or shoot and measuring this against a metric 
ruler. The number of roots was also counted for each seed when appropriate. Since 
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overall growth rates were relatively low for spinach, only successful, sprouted seeds were 
included. Corn was the only species where we were also able to measure enough shoots 
to determine shoot weight and length. Only successful sprouting and growth events with 
roots greater than 0.5 mm (Figure A.3de) were considered for soybean. All tests were 
repeated at least twice and assays were done blinded. 
4.3.5 Yield/Growth 
A greenhouse experiment was carried out using the same Zea mays (corn) variety 
Trinity F1 as in the germination experiment. Seeds were surface-sterilized with 2% 
sodium hypochlorite for 2 min, rinsed with sterile distilled water 6 times, blotted dry, and 
each seed was soaked in treatment solution for 30 minutes. The growth tests were 
conducted in 6-inch diameter plastic pots. The pots were filled with growing media and 
seeds were planted just underneath the surface of the soil. Each pot received 25 ml of 
either distilled water, induced B. japonicum LCO, traditional N-based fertilizer (Miracle 
Gro, 1 mg/mL), solutions of purified extract from C. necator Nod factor producing strain 
at a concentration of 10–7 M or a solution from filtered cultures of the LCO producing 
strain at a concentration of 10-7 M (Prithiviraj et al. 2003). The culture solution was first 
lysed through a freeze thaw cycle and sonication for 20 minutes at high intensity and then 
filtered through a 0.22 mm filter. The pots were placed in Harvard University’s 
temperature-controlled greenhouse at 25±2 °C during late June and July at atmospheric 
levels of CO2. Each treatment had ten replicates. After 3 days the pots were irrigated 
from above every 3 days (Prithiviraj et al. 2003. After two weeks, the number of leaves 
and length of the longest shoot were measured with a metric ruler and aboveground 
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biomass was harvested. The wet weight was taken and the samples were lyophilized for 2 
days until dry after which, the dry weight was taken. Assays were done blinded. 
4.3.6 Statistical Analyses 
All statistical analyses were performed in R (Version 3.4.4). Overall effects of the 
different treatments were analyzed with an ANOVA. For sprout characteristics and 
greenhouse experiment, the independent variables were the different treatments and the 
dependent variable was each of the sprout characteristics tested as well as plant biomass, 
height, and number for the greenhouse experiments. Multiple comparisons were done 
using least squares means Tukey's HSD method to identify significant differences 
between treatments. 
4.4 Results 
4.4.1 Expression of Lipochitin oligosaccharides (LCOs) in C. necator 
The three primary Nod Factor genes were successfully cloned into C. necator. 
These genes encode for NodC, an N-acetyl-glucosaminyl transferase, NodB, a 
deacetylase, and NodA, an acetyltransferase. In this pathway (Figure 2) four to five N-
acetyl-glucosamines are attached in a sequential manner into an oligosaccharide by 
NodC. Then an acetyl group is removed from an amine on the non-reducing end of the 
oligosaccharide backbone by NodB, and NodA reattaches a fatty acid to this location. 
This produces the final LCO molecule. In this system, no other chemical moieties are 
added and the final product is Nod Cn V(C18:1). This name was assigned because, 
following LCO naming convention, it is a Nod Factor produced by C. necator, with a 5 
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(V) N-acetyl-glucosamine backbone, an 18-chain fatty acid chain with 1 double bond at 
carbon 9, and no additional moieties. 
4.4.2 Purification, Quantification, and Identification of Nod Factor from engineered C. 
necator 
Using HPLC analysis we detected a unique, inducible molecule produced by our 
engineered strain similar to the native LCO molecule. We were able to find two peaks at 
the expected retention times that were approximately consistent between the LCO 
standard and B. japonicum samples (Figure 3a). The two peaks eluted at 76 and 77 
minutes using our longer method and at 25 and 27 minutes using the shorter method. The 
first peak was smaller than the second peak for both the standard and B. japonicum, but 
there was a slight shift between the standard and B. japonicum samples. 
When induced, the engineered C. necator strain (Figure 3b) produced a unique 
metabolite at the expected retention time. This product also displayed two peaks though 
the ratio of the two peaks in the engineered C. necator sample was closer to equivalence. 
There was also a slight shift in these peaks in comparison to the standard. This signal was 
absent when this species was not induced and it was absent when the wild type (WT) 
strain of C. necator was tested with and without the inducer. Under rich conditions, B. 
japonicum produced an average of 1.31 ± 0.087 SE mg/L of LCO and the engineered 
strain produced an average of 1.20 ± 0.29 SE mg/L of LCO over 72 hours (Figure 4a). 
Under lithotrophic conditions, the engineered C. necator produced slightly more at 1.37 ± 
0.44 SE mg/L over 72 hours (Figure 4b). 
		
108 
4.4.3 Structural analysis of Nod Factor 
LCMS analysis confirmed the structure of the Nod LCO produced by the 
engineered C. necator strain. For the standard (Figure 5a) and B. japonicum (Figure 5b) 
LCO samples, the base molecular species or the largest intact molecule was found at 
1416 m/z. The major fragmentation peaks indicating where this molecule split upon 
being ionized appear at m/z 1035, 832, 628, and 426. There was also a peak around 708 
for both samples and the B. japonicum sample had a peak at 400 m/z. For the engineered 
C. necator sample (Figure 5f), the base peak was found at 1256 instead of 1416, but the 
same fragmentation peaks appeared at m/z 1035, 831, 629, and 426. There were no other 
peaks. None of these peaks were found in the uninduced engineered sample (Figure 5e) 
or in the uninduced (Figure 5c) or induced (Figure 5d) C. necator wild type samples. 
4.4.4 Biological Activity of Nod Factor: Concentrations 
For spinach, the optimal concentration fell in the range of 10-6 or 10-7 (Figure 
A.2a) and 10-7 for corn (Figure A.2c). For spinach weight, there was an overall 
significant difference (F(1,7) = 3.76, p < .001) related to LCO at 10-6, which was higher 
than B. japonicum LCO (p = .017). Corn showed the strongest significant differences 
with shoot weight particularly (F(1,7) = 6.08, p < .0001). LCO 10-7 was significantly 
higher than water and B. japonicum LCOs (p < .001, p = .0034) as well as most other 
LCO treatments. No active concentration was identified for soybean (Figure A.2b). 
4.4.5 Biological Activity of Nod Factor: Percent Germination 
The engineered LCOs increased the percent germination for spinach seeds. The 
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percent germination (Figure 6a) increased by 69% by the end of 9 days reaching an 
average of 49% with LCO application compared to an average of 29% and 31% for water 
and vector controls. The greatest difference was found on day 8 with a 100% increase 
reaching 48% with LCOs before the water and vector controls could exceed 25% and 
24% respectively. The LCO standard also increased germination by 55% reaching 45% 
germination by day 9. No effect of LCOs produced by C. necator was found for soybean 
(Figure A.3f) and corn (Figure 6c). Engineered LCOs produced during lithotrophic 
growth had an impact on the percent germination of spinach (Figure 6b) increasing 
germination by 50% and 125% in comparison with the vector control and water, with 
LCOs reaching 60% compared to 40% and 27% for the vector and water respectively. 
4.4.6 Biological Activity of Nod Factor: Root and Shoot Characteristics 
Growth characteristics of spinach and corn were enhanced by the application of 
the engineered LCO molecules. Spinach sprout weight (Figure 7a) was significantly 
different (F(1,5) = 4.16, p = 0.0040) with LCO being higher than standard and B. 
japonicum LCO and showing a higher trend than vector and fertilizer with a very slight 
trend in relation to water (p = .039, p = .00154, p = .051, p = .071, p = .34) at an increase 
of 41% over water. No difference was found for spinach root weight (Figure 7b) and 
length (Figure 7c). 
Corn sprout weight (Figure 7d) showed significance (F(1,5) = 6.95, p < .001) with 
LCO being significantly higher than water, vector, standard, B. japonicum LCO, and 
fertilizer (p < .001, p = .0049, p = .0044, p < .001, p = .0051) with an increase of 42% 
compared to water. Corn shoot weight (Figure 7g) was overall significant (F(1,5) = 7.33, 
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p < .001) with LCO being higher than water, standard, B. japonicum LCOs and almost 
vector (p < .001, p = .0023, p < .001, p = .094) with an increase of 55% compared to 
water and fertilizer being higher than water, standard, and B. japonicum LCOs (p = 
.0029, p = .055, p = 0.014). Corn shoot length (Figure 7h), displayed significance (F(1,5) 
= 3.96, p = .002) with LCO, fertilizer, and vector all being higher than water (p = .025, p 
= .016, p = .011) with an increase of 25% with LCO compared to water. There was no 
difference for root weight (Figure 7e) or length (Figure 7f). 
No significant differences were found for soybean (Figure A.3abc).	
4.4.7 Biological Activity of Nod Factor: Greenhouse Experiments 
 Corn yield was increased by application of engineered LCOs. Corn wet weight 
(Figure 8a) was affected significantly (F(1,4) = 4.43. p = .0044) with LCO being 
significantly higher than the B. japonicum LCO and LCO culture extract and showed a 
trend for being higher than water (p = .0021, p = .047, p = .15). Corn Leaf number 
(Figure 8b) was significant (F(1,4) = 5.15, p = .0018) with LCO higher than water, Bjap, 
fertilizer, and LCO culture extract (p = .047, p = .0028, p = .020, p = .0028). There was a 
trend for significance for corn plant height (Figure 8c; F(1,4) = 2.47, p = .059) with the 
LCO culture extract tending to be higher than water and Bjap (p = .21, p = .10). 
4.5 Discussion 
A strain of C. necator has been engineered to contain the common Nod Factor 
genes nodABC. This strain was shown to produce a Nod LCO when induced with 
arabinose in quantities comparable to those produced by the native strain B. japonicum. 
		
111 
We were also able to control the type of LCO producing a relatively simple version, Nod 
Cn V (C18:1). This is the first time LCO production has been fully engineered into a non-
native strain (Cárdenas et al. 1995; Spaink et al. 1995; Maillet et al. 2011) especially one 
which is particularly suited for sustainable industrial production (Bi et al. 2013; Nangle et 
al. 2017). The engineered LCO has also been produced in lithotrophic conditions in a gas 
fermentation system, which requires minimal inputs and enhanced growth when applied 
to the non-leguminous plants spinach and corn. 
4.5.1 Purification, Quantification, and Identification of C. necator produced LCOs 
 The standard and B. japonicum LCMS results are consistent with the Nod Bj V 
(C18:1 MeFuc) molecule with an expected base peak at m/z 1416 for the B. japonicum 
species (Prithiviraj et al. 2000; Prithiviraj et al. 2003; Tejerizo et al. 2011). The 
characteristic difference in mass of 203 m/z is indicative of the N-acetylglucosamine 
residues that make up the backbone of the LCO. The first fragmentation peak, 426 m/z is 
the N-acetylglucosamine on the non-reducing end with the fatty acid attached. For the 
engineered LCO, this represents the 18-carbon Oleic acid. The next peaks show the 
molecule breaking between each of the N-acetylglucosamine residues leaving chains of 
length 1 to 5 since this is a 5-chain oligosaccharide. The difference of 381 between the 
1035 fragment and 1416 fragment indicates the 203 mass of the N-acetylglucosamine 
residue with the expected 160 mass of the 2-O-methyl-6-deoxyhexose, or methylfucose 
(MeFuc), that should be attached to the last residue of Nod Bj V (C18:1 MeFuc) (Sanjuan 
et al. 1992) with the remaining 18 being from oxygen and hydrogen. The large peak at 
708 for both samples represents the same base peak 1416, but biprotonated. Since the 
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units are mass over charge, when the associated mass has a charge of two instead of one, 
the value is half of what is expected (Niwa et al. 2001). 
 The fact that these samples produced two peaks in HPLC is not surprising. There 
are other examples in the literature of studies isolating Nod factors that have found two 
peaks both containing active LCO molecules (Cárdenas et al. 1995; Niwa et al. 2001). 
The size ratio between the two peaks can also vary (Niwa et al. 2001). Multiple 
molecules can be in the same peak; different molecules can be in both peaks; and the 
same molecule can be within both peaks (Cárdenas et al. 1995; Niwa et al. 2001). Niwa 
et al. (2001) found the same Nod Bj V (C18:1 MeFuc) molecule with a base peak at 1416 
to be present in two peaks, though potentially primarily in one. There are also indications 
that slight differences between the LCOs in both peaks could be caused by a difference in 
the fatty acid attached (Cárdenas et al. 1995). 
The structure of the engineered C. necator LCO confirmed a sample with the 
desired alterations from Nod Bj V (C18:1 MeFuc). Similar peaks were found with a clear 
exception of the base peak, which was found at 1256 instead of 1416. This is explained 
by an absence of the methyl fucose moiety. The difference between 1416 and 1256 is 
160, the expected mass of the methyl fucose group. Other studies have identified Nod Bj 
V (C18:1 MeFuc) and Nod V (C18:1), the same molecule, but without the methyl fucose 
and found that they have total masses of 1416 and 1256 respectively (Duzan et al. 2006; 
Sanjuan et al. 1992; López-Lara et al. 1995). The methyl fucose moiety is the chemical 
addition to the B. japonicum LCO that makes it host specific (Sanjuan et al. 1992; Yang 
et al. 2010). The genes implied in attaching this moiety, nodV and nodW (Gottfert et al. 
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1990), were not included in this design with the intention of decreasing the specificity of 
the produced Nod LCO for soybean. Therefore, the base peak being found at 1256, 
indicates success in making the desired simplified version of the B. japonicum LCO with 
no additional chemical moiety (Sanjuan et al 1992). The difference with or without the 
MeFuc could also explain the shifts in retention time since the presence or absence of 
different moieties can influence how a species will run through the column and therefore 
the time it elutes (Cádenas et al. 2995; Niwa et al. 2001). The engineered LCOs also have 
a particularly large peak at 628, half the value of the base peak, 1256, representing the 
mass of the full molecule that has been biprotonated. 
The slight shift in retention time between the standard and B. japonicum samples 
could be caused by the extra peak at 400 m/z for the B. japonicum sample from the 
LCMS analysis, though this peak was not found in other examples in the literature of B. 
japonicum mass spec results. The standard was from B. japonicum 532C and we used 
strain B. japonicum 6, which should not have produced different LCO molecules, but 
there can be unexpectedly large differences between different strains even within the 
same species (Lukjancenko et al. 2010; Páll-Gergely et al. 2012; Vega-Vela and Sanchez 
2012). 
4.5.2 Growth Enhancement 
The strongest growth enhancement effects of the engineered LCO were seen in 
spinach and corn. There were clear difference in germination and overall shoot weight 
with LCO addition to spinach (Figure 9). These parameters would be expected to be 
different because LCOs can change the rate endosperm resources are used. During 
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germination, the root will emerge and travel towards the stronger downward gravitational 
pull. The cotyledons follow in the opposite direction. The resources for this primary 
growth are acquired from the endosperm inside the seed. Photosynthesis will not play a 
significant role until approximately day 10 (Cooper and MacDonald 1970). Prithiviraj et 
al. (2003) found that LCOs can increase the rate of endosperm usage through increased 
production of α-amylase, which can help break down the starches stored in the 
endosperm. This leads to a faster decrease in the remaining seed dry weight. To our best 
knowledge, this is the first time spinach has been tested for a response to LCOs (Smith et 
al. 2015; Prithiviraj et al. 2003). 
For corn, LCOs also enhanced sprout weight as well as shoot weight, and shoot 
length. In the greenhouse experiments, the corn weight and leaf number  was also 
increased with a potential difference in height. It was not surprising that corn responded 
since corn has already been tested for a growth response to LCOs (Souleimanov et al. 
2002; Prithiviraj et al. 2003). It has also been tested for other responses to Nod factors or 
related rhizobium such as enhanced photosynthetic rates with foliar application (Khan et 
al. 2008), suppressed immune response (Liang et al. 2013), induction of Nod Factor 
production with corn root extracts (Lian et al. 2002), and growth enhancement by 
addition of different Plant Growth Promoting Rhizobacteria (PGPR), which can produce 
LCOs (Rudolph et al. 2015). 
It is possible that the primary response of corn to LCOs is in the shoot systems. 
One study found a change in root characteristics (Prithiviraj et al. 2003), but many of the 
studies that examined corn either investigated other parameters only considered the 
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response of aboveground biomass (which is easier to quantify since it is not below the 
soil, as well as being the portion of the plant more relevant for agriculture) (Smith et al. 
2015), or found no root response (Souleimanov). Two studies measured root 
characteristics. Prithiviraj et al. (2003), found an effect, but the effect on the shoots was 
much larger than the effect on the roots with differences such as a 250% increase in the 
shoots compared to a 50% increase in the roots. The other study by Souleimanov et al. 
(2003), found little to no response in the root characteristics of corn to LCO application 
(Souleimanov et al. 2002) only finding a strong response in the shoot system. Therefore 
the strongest response of corn to LCOs might also be in the shoots. Ultimately, this could 
be considered beneficial because we would want to optimize for a larger impact on the 
shoot systems since, for most species, this is the valuable part of the crop consumed by 
humans. 
A plant wide response to LCOs makes sense in the context of LCOs having a 
hormone related mechanism. The response usually starts at the roots where there are LCO 
receptors, though studies have shown effects in response to foliar application of LCOs 
(Khan et al. 2008). Known responses are root curling and hair deformation, pre-infection 
thread formation, and nodule initiation through cortical cell division and induction of cell 
cycle genes (Niwa et al. 2001; Smith et al. 2015). LCOs do this through down regulation 
of the transport of auxin (Mathesius et al. 1998). Auxin is a primary plant hormone that 
works in conjunction with other hormones like cytokinin and giberellic acid to control 
plant growth. Auxin is known to be required for lateral root formation (Sussex et al. 
1995) and the ratio of cytokinin and auxin is critical in nodule formation. Mathesius et al. 
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(1998) confirmed that LCOs act as an auxin transport inhibitor, which creates a two-step 
process of building up auxin in a location to initiate root growth and then decreasing 
levels while maintaining growth at the tip (Mathesius et al. 1998). Changing plant 
hormone levels or adding separate auxin transport inhibitors can also induce nodule 
formation (Hirsch et al. 1989). 
Changes in hormone levels could cause systemic alterations especially since the 
hormones being changed are known to have impacts across all parts of plants and 
influence many different processes (Vanneste and Friml 2009). There are also multiple 
downstream genes, which are responsive to LCOs such as ENOD12 and ENOD40. This 
indicates that LCOs initiate a cascade that can lead to specific changes such as the 
increased production of α-amylase and cross plant changes such as increased 
germination, root and shoot growth, and the many other critical growth changes 
mentioned above (Prithiviraj et al. 2003). This could explain the wide range of responses 
plants can have to LCOs. 
No effect of our engineered LCO was found on soybean. It is possible that by re-
designing a native B. japonicum LCO and removing the moiety that makes it host-
specific, this new molecule might no longer activate the native host species, soybean’s, 
growth response. Variable responses to different LCOs (Prithiviraj et al. 2003) have been 
seen. Also different varieties of soybean can respond differently to the same LCO 
(Prithiviraj et al. 2000) and failed relationships with incorrect species-LCO pairs 
(Mathesius et al. 1998) have been observed. 
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4.5.3 System Considerations 
Engineered C. necator grown in a lithotrophic gas fermenter is a better option for 
LCO production than the current standard of B.japonicum grown in a traditional 
production system for multiple reasons. C. necator grows faster and can therefore reach 
higher ODs in a matter of days while producing the same amount of LCOs. Being able to 
grow in lithotrophic conditions also provides two major benefits in regards to both 
resources and therefore cost and sustainability. First, it is a relatively simple and efficient 
system that is not dependent on light exposure or maintaining an oxygen free 
environment. Second, rather than requiring supplies of a relatively expensive carbon 
source like sugar to grow, C. necator can instead take in CO2 to make its products, 
resulting in a simple inexpensive media. Accentuating these points, C. necator is one of 
the most efficient and easiest options for lithotrophic production (Chen et al. 2015; 
Savage et al. 2008; Torella et al. 2015). 
The design of this project also considered the potential for further advancements 
by using an engineerable species, which will allow for future studies to build alternate 
LCOs and optimize for desired effects. Because of the focus on Nod Bj V (C18:1 MeFuc), 
most tests of effects of LCOs have primarily used this molecule (Schwinghamer et al. 
2015; Smith et al. 2015). With this system, different LCOs could be produced and then 
tested to find out which LCO has the strongest, broadest range of effects or to screen for a 
specific plant to find out which LCO is the most effective for each species. Therefore this 
system could provide a much more efficient, sustainable, and flexible option for LCO 
production. 
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4.5.4 Implications 
Producing and using traditional inorganic fertilizers requires a significant amount 
of energy and CO2 (Erisman et al. 2007; Bruulsema and Fixen 2009) and leads to the 
destruction of downstream environments (Fenn et al. 1998; Galloway et al. 2003). LCOs 
are a carbon-based product with a very different mechanism for growth enhancement. 
Therefore LCOs are unlikely to have similar negative downstream effects. They also are 
non-volatile and do not produce greenhouse gasses like nitrous oxide (N2O). Compared 
to inorganic fertilizers, which require high concentrations, LCOs are active at nM 
concentrations, so very little is required to elicit a significant growth impact. This is due 
to their ‘hormone-like’ mechanism and plants subsequent heightened sensitivity to LCOs. 
As far as we know, a direct comparison of LCO impact to fertilizer impact has not 
been done. In this study traditional fertilizers did not have a significant effect on the root 
and shoot characteristics or the overall yield in greenhouse studies, except for on corn 
shoot weight. Therefore it was not possible to do a direct comparison of the effect of 
LCOs and fertilizer. It is known, however, that fertilizers can increase growth by 30 to 
50% (Erisman et al. 2007). Through field studies, LCOs have been found to increase 
growth by 2 to 25% (Smith et al. 2015). Given that 48% of our current population is 
dependent on fertilizers (Erisman et al. 2007), an increasing population (Medek et al. 
2017; UN 2014) with a 70% expected increase in food demand by 2050 (Powell & 
Lenton 2012; Alexandratos & Bruinsma 2012), and a rate of increase in production 
predicted to be at 1.25%, below the required 1.42% (Powell and Lenton 2012), we cannot 
decrease the amount of crops produced, so LCOs can not replace fertilizers. 
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By applying LCOs at scale, less fertilizer should be needed. Follow-on studies 
could also examine any interactions between LCOs and fertilizers. Given the proposed 
mechanism of extra root growth leading to more efficient fertilizer uptake, there could be 
a combined effect of LCO and fertilizer application that could lead to synergistically 
lower levels of required fertilizer. The flexibility of this system could also assist in trying 
different LCOs or mixes of LCOs, which would lead to the further optimization of LCO 
application and higher increases in plant responses. This would better reflect the levels of 
increase seen in non-field studies and further decrease the required inorganic fertilizer. 
 If fertilizer and LCO input could be optimized, this system would also contribute 
to the carbon cycle by harvesting atmospheric CO2 through the growth of C. necator, the 
production of carbon-based LCO molecules, the increase in plant growth, and primarily 
through the decrease of emissions associated with traditional inorganic N-based 
fertilizers. In addition, if this technology could be implemented on-site, the CO2 
emissions from transporting fertilizer could be avoided. 
4.5.5 Carbon Footprint of LCO Production 
 As an extra consideration for the implications this product and process could 
have, we calculated the carbon footprint of both traditional fertilizer as well as the LCO 
product described here and compared them (Figure 10a). We also calculated relatively 
how much less fertilizer would be needed with the addition of alternative growth 
enhancing management processes or application of molecules like the LCO product from 
this study (Figure 10b). Throughout these calculations the treatment of 1 hectare (ha) of 
cropland was considered. 
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For the traditional fertilizer, the average amount of fertilizer applied in the United 
States is 92 kg NH3+-N ha-1 (NRCan 2006; Bellarby et al. 2008; Lu and Tian 2017; 
Nishina et al. 2017; Cao et al. 2018). This number is for ammonia (NH3+) specifically and 
we only used values for NH3+ going forward. For reference, overall rates of N application 
could be above 200 kg ha-1 (250-470 kg ha-1, Liu et al. 2016; ~200 kg ha-1, Potter et al. 
2010). The amount of CO2 produced from 1 kg of N produced using the Haber-Bosch 
process is approximately 2.6 kg CO2 kg-1 of N, particularly for NH3+ (Kongshaug 2003; 
Wood and Cowie 2004; NRCan 2006; Bellarby et al. 2008; Bruulsema and Fixen 2009). 
One percent of the world’s greenhouse gas emissions are from fertilizer production 
(Kongshaug 2003; Pach 2007; Bellarby et al. 2008; Bruulsema and Fixen 2009). The 
application rate in kg N ha-1 yr-1 was multiplied by the CO2 emissions in kg CO2 kg-1 of 
N. This gave the value of 239.2 kg CO2 ha-1 yr-1. 
For LCOs, the two relevant factors are how much CO2 is use to make the LCO 
molecule itself and how much is drawn into the biomass of the microbes. The amount of 
LCO needed to fertilize 1 ha is 0.1 mg (Smith et al. 2015; Personal communication 
Professor Donald Smith, McGill University). To find the amount of C and therefore CO2 
in LCOs, we used the molecular mass of a B. japonicum LCO, which is 1416. This 
contains 62 Carbons (Sanjuan et al. 1992) with a mass of 12, so 62 x 12 = 744. The 
proportion of LCO mass that is carbon is 0.525. Converting this to CO2 required, CO2 has 
a molecular mass of 44, so 744 x (44/12) = 2728 CO2 or a proportion of 1.927. Therefore, 
0.1 mg x 1.927 = 0.1927 mg CO2 ha-1 is drawn down annually into the structure of LCO 
molecules applied to 1 ha. 
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To calculate the CO2 drawn into bacterial biomass, we assumed 8x108 cells in 1 
mL of culture at an OD of 1 (this is a value generally used for E. coli) and an average 
mass of 1x10-12 g cell-1 (Davis et al. 1973), this gives us 0.8 g biomass L-1. This was 
multiplied by 0.61 g CO2 g-1 biomass to get 0.488 g CO2 L-1. Approximately 1 mg of 
LCOs is made by 1 L of culture (This study). This is approximately consistent though 
potentially a slightly higher rate of production than a native producer of LCOs, B. 
japonicum. LCOs from this species are typically used in plant growth enhancement 
experiments (Lian et al. 2001; Lian et al. 2002; Personal communication Dr. Alfred 
Souleimanoc, technician Professor Donald Smith’s Laboratory, McGill University). 
Since 0.488 g CO2 is drawn down into biomass in 1 L, which produces 1 mg of LCOs, 
and only 0.1 mg is needed ha-1, only 0.0488 g CO2 is drawn down into biomass to 
produce enough LCOs for 1 ha of land. Therefore 0.0488 g CO2 + 0.0001927 g CO2 = 
0.0489927 g CO2, which is the amount of CO2 drawn down into LCO molecules and the 
biomass of the microbes producing them. The amount of CO2 drawn down by this system 
is not very significant, but positive. This is not considering embodied carbon used to 
make the materials for the instruments and assuming any energy needed is from 
renewable sources, which should be reasonable given the much lower energy 
requirements. 
For the second calculation, the relative decrease in fertilizer application with the 
addition of alternative growth enhancing management processes or molecules, we started 
with the fact that Approximately 40% of food is produced due to the addition of 
fertilizers (Erisman et al. 2008; Roberts 2009). This 40% increase from fertilizer 
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application was considered 100% of possible growth increase. The growth increase that 
could be gained from cover and intercropping or LCO addition in the field or when 
considering all growth increases was subtracted from 40% to see how much less fertilizer 
would be needed. This gives the percentage of fertilizer that would still be needed if the 
other application systems were used as well. 
Cover cropping is growing different plants when not growing the crop of interest 
to try to improve the soil for the main crop. Intercropping is growing different plants in 
between the crop of interest at the same time to try to improve yield of the main crop and 
overall soil quality. One way to do this is to intercrop legumes or use legumes as a cover 
crop to add nitrogen to the soil since it naturally fixes nitrogen. A literature review was 
done to determine the increase in crop growth from both cover and intercropping using 
legumes. This included a variety of legumes and crops, locations, soil types, and 
application times (Dabney 1989; Doran 1991; Clark 1994; Smith et al. 2008; Sakai et al. 
2011; Li et al. 2016; Coombs et al. 2017; Yao et al. 2018; Hunter et al. 2019). A wide 
variety of responses was observed with cover/intercropping and there are many 
management considerations that must also be included when using this method of growth 
enhancement (Dabney et al. 2001; Brooker et al. 2015). This provided an overall increase 
of ~22%, which is 55% of a 40% increase and therefore only 45% of fertilizer would still 
be needed. 
For LCO molecules, a literature review was also conducted to determine the 
potential percentage increase in plant growth with LCO addition (Biswas et al. 2000; 
Souleimanov et al. 2002; Yang et al. 2002; Prithiviraj et al. 2003; Kidaj et al. 2012; Smith 
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et al. 2015;). All growth measurements of overall biomass were included. Two numbers 
were determined. The first was LCO application only looking at values from field 
studies, but since few studies have been done in the field, values from experiments in 
greenhouses were also included in a second number. These values could show the 
potential for growth enhancement if methods for application and type and amount of 
LCO application were optimized. Since multiple studies addressing the same crop were 
limited and since all types of crops were used in calculations of the other numbers, 
different types of crops of interest were included here as well. The overall increase was 
found to be 18% and 33% respectively, which accounts for 46% and 82% of the increase 
from fertilizers and therefore only requires 54% and 18% of the normal amount of 
traditional fertilizers (Figure 10b). 
 
4.6 Conclusion 
 This study shows the successful engineering of C. necator, a non-native lipochitin 
oligosaccharide (LCO) producer, to make Nod Cn V (C18:1) within a lithotrophic gas 
fermenter system. Nod Factors are signal molecules normally produced by a rhizobium 
like B. japonicum to initiate nodule formation on legumes, but have also been found to 
have growth enhancing effects when applied to a variety of plants. The LCO produced 
was designed to not have extra chemical moieties. This alteration was achieved with the 
aim of producing a Nod Factor that would be less host-specific. The engineered LCO 
elicited a growth response from spinach and corn. Producing LCOs with C. necator in 
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lithotrophic conditions in gas fermentation system with the primary inputs being CO2 and 
H2 would make this process more sustainable and even less dependent on fossil fuels. 
Applying LCOs in conjunction with traditional inorganic fertilizers, should lead to 
decreased fertilizer requirements, less associated CO2 emissions, and less negative 
downstream impacts while maintaining or increasing efficiency of current agricultural 
land.  This could help balance CO2 emission and contribute to carbon harvesting 
associated with agricultural systems. All of this would make these systems more 
sustainable. 
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4.7 Figures 
 
 
 
 
Figure 4.1 | Diagram of the interaction of LCO production with the agricultural 
system. The a) current situation includes the agricultural system relying on the 
production of traditional fertilizers produced by the Haber Bosch process and requiring 
burning large amounts of fossil fuels for energy and therefore emitting large quantities of 
CO2. There is also a natural process for nitrogen fixation by certain nodule forming 
bacteria, but this is limited to symbiotic relationships with legumes. With the b) C. 
necator engineered to produce LCO molecules in an energy efficient process that could 
easily be run by renewable sources and actually takes in CO2. The LCOs would be 
produced, applied to the plants, and less fertilizer would be needed, which would reduce 
the amount of fossil fuels burned and CO2 emitted to produce the same growth increase. 
These engineered LCOs can be applied to many different kinds of plants, not just 
legumes. With a reduction in the requirements for traditional fertilizers, a decrease in 
nitrogen-based pollution leaching into the environment would be expected.
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Figure 4.2 | LCO structure and biosynthetic pathway. LCO backbones are produced 
by three primary proteins. Four to five N-acetyl-glucosamines are attached by nodC, an 
acetylglucosaminyl transferase. Then an acetyl group is removed from an amine on the 
non-reducing end by NodB, a deacetylase, and NodA, an acetyltransferase, reattaches a 
fatty acid. This produces the final LCO molecules. In this system, no other chemical 
moieties are added and the final product is CnV(C18:1), it is produced by C. necator and 
has a 5 N-acetyl-glucosamine backbone, an 18-chain fatty acid with a single double bond. 
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Figure 4.3 | HPLC results from LCOs from B. japonicum and WT and engineered C. 
necator. These were run on an Agilent HPLC using a C18 reverse phase column. 
Standard is in black, B. japonicum is in brown, WT C. necator is in blue, and the 
engineered C. necator is in red. Induced cultures are shown by solid lines and uninduced 
by dashed. Extract from a) induced and uninduced B. japonicum compared to an LCO 
standard shows slight differences in the LCOs produced by B. japonicum 523C and 100, 
which are the strains used for the standard and in this study, but they generally elute 
around the same time though there is only one peak from B. japonicum. Extracts from b) 
WT and engineered C. necator induced or uninduced show that similar peaks to the 
standard appear in only extract from induced engineered C. necator.
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Figure 4.4 | Yield of LCOs in rich and lithotrophic conditions. Standard curves were 
developed using the standard provided by Professor Donald Smith on the HPLC with 
peak area. Then extracts from different batches of LCOs made by the engineered C. 
necator strain in either a) rich or b) lithotrophic conditions were quantified. B. jap data is 
only shown for rich conditions on both graphs because it was not possible to grow it in 
lithotrophic conditions. No LCOs were detected for any of the negative controls, i.e., all 
of the uninduced strains and the induced vector control. 
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Figure 4.5 | LCMS Results from LCO samples. These were for an a) LCO standard 
graciously given by Professor Donald Smith, b) LCOs from B. japonicum induced with 
Genistein (5 µM), c) WT C. necator uninduced, d) WT C. necator induced, e) engineered 
C. necator uninduced, and f) engineered C. necator induced with arabinose. These were 
run on a QTOF and the engineered C. necator produce LCOs when induced and they 
appear to have the characteristic peaks for the N-acetylglucosamine backbone (~202 
apart), though there is a much larger peak at 1256 and a much smaller peak at 1416. 
Relevant peaks are bold and underlined. 
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Figure 4.6 | Germination rates in 
seeds in response to LCO 
application for a) spinach, c) 
spinach with LCOs produced in 
lithotrophic conditions, and d) 
corn. The treatments were distilled 
water (blue line), a vector control 
(gray line), a standard LCO (black 
line), and LCO from the engineered 
C. necator (green line). There was a 
clear increase in spinach germination 
with LCOs from both rich and 
lithotrophic conditions. No trend 
was found in corn. 
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Figure 4.7 | Response of root and shoot characteristics to LCO application. The 
above panels show the results for sprout weight in column one, root weight in column 
two, and root length in column three. Rows one, two, and three are for spinach, corn and 
corn shoot weight and length respectively. Spinach a) sprout weight was significantly 
different (p=0.0040) with LCO being higher than standard and B. japonicum LCO and 
showing a higher trend than vector and fertilizer with a very slight trend in relation to 
water (p=0.039, p=0.00154, p=0.051, p=0.071, p=0.34). No difference was found for 
spinach b) root weight and c) length. Corn d) sprout weight showed significance 
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(p<0.0001) with LCO being significantly higher than water, vector, standard, B. 
japonicum LCO, and fertilizer (p<0.0001, p=0.0049, p=0.0044, p=0.00011, p=0.0051). 
Corn g) shoot weight was overall significant (p<0.0001) with LCO being higher than 
water, standard, B. japonicum LCOs and almost vector (p<0.0001, p=0.0023, p=0.00035, 
p=0.094) and fertilizer being higher than water, standard, and B. japonicum LCOs 
(p=0.0029, p=0.055, p=0.014). Corn h) shoot length, displayed significance (p=0.002) 
with LCO, fertilizer, and vector all being higher than water (p=0.025, p=0.016, p=0.011) 
with an increase of 25% with LCO compared to water. There was no difference for corn 
e) root weight or f) length. Asterisks indicate significance with * = p<0.05, ** = p < 0.01 
and *** = p<0.001. 
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Figure 4.8 | LCO application to corn grown in a greenhouse. LCO and extract for a 
culture of LCO were applied to corn along with water, fertilizer, and B. japonicum LCOs. 
Corn a) wet weight was affected significantly (p=0.0044) with LCO being significantly 
higher than the B. japonicum LCO and LCO culture extract and showed a trend for being 
higher than water (p=0.0021,p=0.047,p=0.15). Corn b) Leaf number was significant 
(p=0.0018) with LCO higher than water, Bjap, fertilizer, and LCO culture extract 
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(p=0.047, p=0.0028, p=0.020, p=0.0028). There was a trend for significance for corn c) 
plant height (p=0.059) with the LCO culture extract tending to be higher than water and 
Bjap (p=0.21, p=0.10).
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Figure 4.9 | Pictures of seeds that received different treatments. These show a) the 
largest five spinach seeds from LCO, vector control, and water going from left to right at 
a point part way through germination. The bottom panels show b) spinach roots and 
shoots that received LCO and c) water. 
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Figure 4.10 | Carbon assessment of LCO products. These show a) the carbon footprint 
of traditional fertilizers compared to the LCO product mentioned in this study and b) the 
relative amount of fertilizer that would still be needed if alternative growth enhancement 
methods were used. There calculations were done considering 1 ha of cropland. The 
carbon footprint of nitrogen production is much higher than of LCO production. When 
compared to cover/intercropping as well as LCOs from only field additions as well as 
other measurements, the amount of fertilizer still needed decreases to between 54 and 
18% of the original amount.
	
	
135 
     
i  | arbon as es ment of LCO products. These how a) the carbon footprint of 
traditional fertilizers compared to the LCO product mentioned in this study and b) the relative 
amount of fertilizer that would still be needed if alt rnative growth enhancement methods were 
used. There calculations were done considering 1 ha of cropland. The carbon footprint of 
nitrogen production is much higher than of LCO production. When compared to 
cover/intercropping as well as LCOs from only field additions as well as other measurements, 
the amount of fertilizer still needed decreases to between 54 and 18% of the original amount. 
 
 
 
 
 
239.2
-0.05-10
40
90
140
190
240
290
InorganicFertilizer LCO
100
45 54
18
010
2030
4050
6070
8090
100
Fertilizer Inter/CoverCropping LCO	AdditionField LCO	Addition									
				
				
	C
ar
bo
n	
D
io
xi
de
	E
m
is
si
on
s	(
kg
	C
O
2	h
a-
1 	y
r-1
)	
	
%
	F
er
til
iz
er
	R
eq
ui
re
d	
fo
r	E
qu
iv
al
en
t	Y
ie
ld
	
		
137 
CONCLUSION 
5.1 Overview 
The goal of this work was to increase options for the development of sustainable 
agricultural systems by focusing on methods to increase plant growth and carbon 
harvesting. In the context of climate change altering weather patterns such at temperature 
and precipitation (Ficher and Knutti 2015; Rogelj et al. 2016; Zhao et al. 2017) and a 
growing population set to reach 9.7 billion by 2050 (Medek et al. 2017; UN 2017), 
developing sustainable systems is critical for continued increased food production (Foley 
et al. 2011) since a 70% increase could be needed (Powell and Lenton 2012). One 
approach would be to further integrate our society and agricultural systems with 
surrounding ecosystems to decrease environmental damage and increase efficiency of 
production (Oberndorfer et al. 2007; Batchelor 2009; Detener et al. 2013; Verma et al. 
2015; International 2016). 
With this perspective in mind, I included a variety of factors in my assessment 
that contribute to the overall state of agricultural systems, which could help make it more 
sustainable. These included five overall considerations. One was the environmental 
context, which includes impact of both the environment on the system and the system on 
the environment. This was mostly addressed in chapter 2 by the assessment of the 
environmental impact of precipitation on agricultural yield and quality. Second and third 
are; the enhancement of productivity on current agricultural land as well as the 
development of land considered non-arable rather than converting forest to new 
agricultural land. A fourth new area of focus could be on the creative use of untapped 
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resources in unique environments. Considerations two through four, but particularly 
factors three and four were considered in chapter 3 through the creation of a system that 
uses an untapped resource, CO2 from human respiration, in a unique environment and 
new potentially arable space, urban rooftop gardens. The final focus was alternative 
options to decrease the use of fertilizers, which have a heavy carbon footprint and 
negative environmental impacts, ideally while still increasing production and land use 
efficiency. Chapter 4 contributed to this focus through production of a plant growth 
enhancer using a microbial production system in order to enhance efficiency and decrease 
environmental impact. 
In each chapter of this study, advances were made in the related field, but also in 
the context of creating sustainable agricultural systems that are intended to create a more 
synergistic relationship between human food production and nature. 
5.2 Summary of Key Findings 
 In the three preceding chapters, multiple aspects of sustainable agriculture and 
how they relate to plant growth and the carbon cycle are considered primarily using the 
model species spinach. In Chapter one the overall problems associated with a climate 
change-impacted, resource-intensive, limited, and damaged agricultural system are 
presented. Context for each of the described approaches is given along with how they 
contribute to the larger goal of this work. 
 In the second chapter, an assessment was done on the impact of different 
intensities of precipitation on the growth and secondary chemical content of spinach. 
More intense storms are expected in the Northeastern United states, which could cause 
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flooding in agricultural and urban areas (Huntington et al. 2003; Bates et al. 2008; Allan 
et al. 2010; BU 2017). The goal was to contribute to understanding the impact of 
precipitation, which is being altered by climate change, on crop growth and nutritional 
quality. We found that the primary force determining secondary chemical content was not 
leaching or dilution, but potentially water stress, which increased the overall secondary 
chemical content of spinach. There were also some indications that more intense 
precipitation events could induce more stress on plants and eventually cause them to 
surpass a threshold beyond which growth is inhibited. This balance between the 
enhancing effect of precipitation on secondary chemical content and the potential 
decrease in growth should be considered in future agricultural systems. 
 In the third chapter, CO2 resources within and being emitted from an occupied 
building were first characterized. This was done in the context of developing a system 
that applies this CO2 to plants grown in a rooftop garden or farm with the goal of 
enhancing growth with a CO2 fertilization effect. A rooftop farm was built and spinach 
and corn were growth and yield was measured. CO2 concentrations in classrooms reached 
as high as 4472 ppm and, during the daytime throughout the week, stayed at an average 
of 1058 ppm, above desired limits (Apte et al. 2000; Satish et al. 2012; Allen et al. 2016). 
CO2 concentrations from air at the exhaust vent mirrored this with a max of 1303 ppm 
and an average of 832 ppm. When air from exhaust vents was applied to spinach and 
corn, growth was increased 2 to 4 fold in comparison to a control fan. There was a 
negative impact of increased wind speed on growth that should be taken into account 
going forward. A preliminary assessment of the contribution of different characteristics 
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of the exhaust vent air was also carried out and characteristics besides increased CO2 do 
most likely also contribute to increased growth.  This is because enhanced growth was 
found with corn, a C4 plant with a limited response to CO2 (Hatfield et al. 2011). This 
system could be implemented in other rooftop gardens to help enhance growth. 
 In the fourth chapter, a microbial production system for a plant growth enhancer 
was developed. The molecule chosen was a lipochitin oligosaccharide (LCO), a molecule 
that is known to have overall growth enhancing effects on a variety of plants. The 
organism Cupriavidus necator, was chosen and engineered to produce this molecule 
because of its genetic tractability and previous use in industrial systems. C. necator is 
also capable of lithotrophic growth and therefore able to use CO2 and H2 as its primary 
sources of carbon and energy, which provides a more sustainable platform for production. 
The production of these LCO molecules was confirmed using HPLC and LCMS and their 
impact on plant growth was tested through germination and greenhouse studies. The 
molecule was successfully produced and growth enhancement was detected. This system 
could help decrease the amount of fertilizers needed to enhance crop growth and 
therefore provide a more sustainable option for agricultural systems. 
5.3 Future Directions 
 The work presented here represents significant advances in options for plant 
growth enhancement and sustainable agriculture. However, there are many other aspects 
of each of these approaches that should be considered. Each project has several potential 
future directions discussed here. 
First, for environmental parameters, a wider range of precipitation intensities 
		
141 
should be tested on a variety of plants. This would help further characterize and identify 
potential turning points in responses of plant secondary chemicals to changes in 
precipitation. Other characteristics of precipitation and environmental parameters could 
also be varied as well as the focal species. This could help to further delineate the 
appropriate balance between growth and secondary chemical production given different 
environmental conditions. 
 Second, the focus on secondary chemical content should be extended to the other 
parts of this study. Consideration of the nutritional quality of crops grown in rooftop 
gardens and particularly in response to a CO2 fertilization effect should be measured.  
There are already indications that if some portion of the growth enhancement is due to 
CO2 fertilization, it could influence overall nutritional quality (Loladze 2002; Myers et al. 
2014; Medek et al. 2017). LCOs are known to change hormone levels in plants 
(Mathesius et al. 2998), but other metabolite concentrations could be changed by LCO 
application. Knowing how secondary chemicals might response differently to traditional 
fertilizers and LCOs could provide important information when attempting to identify an 
appropriate balance between both growth enhancers. 
Third, for optimizing growth in rooftop gardens and farms, a new design is 
needed for the application system that will be able to monitor and decrease the wind 
speed in order to avoid inhibitory effects of faster wind on plant growth. After this, the 
further quantification of the system and impact on different plants could be tested. 
Importantly the contribution of different environmental qualities of the exhaust vent air to 
the growth enhancement should be characterized using full factorial experiments and the 
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CO2 fertilization effect could be confirmed with isotope studies. Then an assessment 
should be done of the spatial extent of this effect given a new application system and 
calculations performed to determine the potential for this system to affect larger scale 
dynamics. 
 For the production system of LCOs using C. necator, this species could be further 
engineered to produce alternative LCO molecules. This would allow for the identification 
of the ideal LCOs or mixtures of LCOs to enhance different crops. The system could also 
be scaled up to begin to understand how it would function in an industrial context. More 
elaborate and exact calculations and measurements of the inputs and outputs could be 
performed to confirm the enhanced sustainability of the system. A calculation of the 
potential impact on the larger carbon cycle associated with agricultural practices could 
also be conducted to illuminate the potential contributions of this system to decreasing 
CO2 emissions and increasing carbon harvesting. 
All of these advances would further contribute to the greater goal of providing 
options for the development of more sustainable agricultural systems that work 
synergistically with the environment to enhance carbon harvesting and decrease negative 
impacts. Ideally this work also helps create space to consider new, creative approaches to 
developing more sustainable systems and to similar complex problems by taking a wider 
approach and implementing use-based science. 
5.4 Broader Impacts 
In regards to the larger implications of this study, the range of considerations 
reflects the reality that there will be no “silver bullet” to solve these types of problems. 
		
143 
One body of work cannot fully answer an entire, larger question. To find solutions that 
begin to incorporate the scale of the problem requires connections beyond one field. We 
need to simultaneously be deciphering the nuanced movements and interactions of key 
molecules like CO2 with plants while considering the nuanced political implications of 
implementing the systems we develop to help harness those interactions, for example 
across city rooftops. 
I could have focused on only one aspect of these potential contributions to 
sustainable agriculture. Four chapters could have been written on the environmental 
impact on crop yield and quantity of four different environmental parameters. Four 
different products could have been made through microbial production for plant growth 
enhancers or four unique resources could have been identified and tested for their effect 
on plant growth. However, we need to begin to integrate not just our systems with the 
environment, but our thinking surrounding all aspects of sustainable agriculture and 
addressing climate change. We need to be able to think and work outside of our normal 
boundaries. 
The problems our society currently faces are not limited to one singular issue, 
topic, or field. Climate change has just as many social and economic implications as 
environmental. From an environmental perspective, drought could decimate crops, but 
that would simultaneously cause food shortages, which, if on a large enough scale, could 
create political instability through the migration of climate refugees in search of 
sustenance for their families (Dentener et al. 2013). We cannot ignore this and we need to 
consider this if we are going to develop solutions that adequately and fully begin to 
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address these problems. Creating more sustainable and resilient agricultural systems 
requires optimizing the use of all available resources within their environmental context, 
and considering both impacts on the system and ecosystem. 
 This study provides some options and information regarding more sustainable 
agricultural systems, but it also takes a different approach to research. Part of the uniting 
thread throughout this work was the issue that must be addressed by science. In the 
context of use-based science, this intends to provide an example of an alternative thought 
process for incorporating basic science to confront the complex problems that make up 
the larger context within which the scientific world sits. 
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APPENDIX 1: ENHANCING GROWTH IN GREEN ROOF GARDENS WITH 
CO2 FROM HUMAN RESPIRATION INSIDE BUILDINGS  
 
 
Appendix Figure A.1.1 | CO2 trends on the rooftop Fall 2018. This shows a) Exhaust 
Vent data for Low and High Speeds with Indoor CO2 concentrations in dark green, light 
green, and gray respectively where concentrations consistently increase during the day to 
as high as approximately 1100 ppm. For b) Control Fans with Low and High Speeds in 
light and dark blue, CO2 concentrations go up at night and drop during the day to 400 
ppm or lower. 
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Appendix Figure A.1.2 | Overlay of Exhaust Vent and Control Fan air for 
representative days a) October 26th and b) October 31st. These two graphs show that 
the Control Fan values increase at night, but then drop to around 410 during the day. The 
Exhaust Vent data do the opposite increasing during the day and falling back to 410 at 
night. There is a transition period in the beginning of the day where concentrations cross. 
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Appendix Figure A.1.3 | CAS Classrooms compared to their schedules from 25Live. 
The classrooms are a) B08A, b) 114B, and c) 315 and the green spaces represent times 
when classes are scheduled in 25Live. Class times coincide with CO2 peaks making the 
connection between human derived CO2 as the primary determinant of Classroom CO2. 
There are a few unhighlighted peaks over the weekend when the room most likely wasn’t 
booked, but students were present studying.
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Appendix Figure A.1.4. | CO2 concentrations in 20 classrooms in BU’s CAS 
building. Data were taken for an entire week in each classroom from Monday through 
Sunday. Each classroom is represented by a different color and concentrations always go 
up into a large peak during the week days reaching as high as around 4000 ppm. Some 
smaller peaks are observed on Sunday and Saturday, but they are smaller and not in every 
classroom reflecting expected room use patterns.
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Appendix Figure A.1.5 | Wet weight for the wind speed differences and biomass for 
the Fall 2018 spinach samples and for the biomass of the Spring 2019 corn samples. 
The pale blue, light blue, light green, dark green, and white are from the High Speed 
Control Fan, Low Speed Control Fan, High Speed Exhaust Vent, Low Speed Exhaust 
Vent, and Control groups respectively and significant differences are shown by capital 
letters. For a) wind speed there was an overall significance (P<0.0001) with the Low 
Speed Exhaust Vent being larger than the High Speed Exhaust, Low Speed Control, and 
High Speed Control (p<0.0001; p<0.0001; p<0.0001). The High Speed Exhaust Vent is 
also higher than the Low Speed Control Fan and High Speed Control Fan (p= 0.043; 
0.011). For spinach biomass the Exhaust Vent was higher than the Control Fan 
(p<0.0001) and for corn biomass there was overall significance (p=0.00011) with 
Exhaust Vent being higher than the Control Fan and Control (p<0.0001; p=0.012).
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Appendix Figure A.1.6 | CO2 Trends during the corn spring 2019 experiments. The 
Classroom, Inside, Exhaust Vent, Control Fan, and Control samples are shown by black, 
dark gray, dark green, light blue, and light gray respectively. The a) Classroom, Inside, 
and Exhaust Vent samples all show the same trend with a large CO2 peak during the day 
with Classroom having the largest and Exhaust Vent the smallest peaks. The b) Control 
Fan and Control samples with the Exhaust Vent show the Control Fan increasing to 
between 500 and 800 ppm at night and dropping to 410 or lower during the day. The 
Control stays close to 410 ppm. Similar trends are found, but peaks only reach 500 ppm.
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Appendix Figure A.1.7 | Leaf number and soil moisture from the corn spring 2019 
experiment. The Control, Control Fan, and Exhaust Vent samples are shown in white, 
light blue and green. Statistical differences are shown by capital letters. The leaf number 
was higher than the Control Fan (p=0.013) and there was a trend for it to be higher than 
the Control samples (p=0.094). The Soil moisture was not significantly different, though 
there was a trend showing the Control higher than the Control Fan and Exhaust Vent 
Samples (p=0.14, p=0.23).
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Appendix Figure A.1.8 | Environmental data for the spring corn experiment. This 
shows a) CO2 concentrations and b) temperature differences. Classroom, Inside, Exhaust 
Vent, Control Fan and Control samples are shown in dark gray, light gray, dark green, 
light blue, and white respectively. Overall the Classroom (847 ±9.0 se; df=2039), Inside 
(777 ±3.5 se; df=2039), and Exhaust Vent (721 ±2.7 se; df=2040) samples are all similar 
and higher than the Control Fan (485 ±2.9 se; df=2040) and Control samples (409 ±0.7 
se; df=2039). All samples are significantly different from each other following the trends 
shown above besides the classroom and Exhaust Vent temperature data (p<0.0001). The 
95% confidence intervals are; Classroom 864-829; Inside 784-770; Exhaust Vent 727-
716, Control Fal 491-480, and Control 411-408. The Classroom, Inside, and Exhaust 
Vent samples are 75%, 60%, and 49% higher than the Control Fan samples and 107%, 
90%, and 76% higher than the Control samples. 
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APPENDIX 2: MICROBIAL PRODUCTION OF PLANT GROWTH ENHANCER 
FROM CO2 
 
 
Appendix Figure A.2.1 | Standard curve used for calculating LCO concentration on 
the HPLC. The areas of the two peaks for each dilution were added together. Since an 
R2 of 0.997 was achieved, the equation calculated (y = 0.19x + 15) was used for all 
calculations of concentration going forward.  
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Appendix Figure A.2.2 |  
Representative growth 
parameters showing 
different concentrations 
of LCO on plant 
characteristics during 
germination. 
Concentrations ranging 
from 10-5 to 10-10 were 
tested shown here going 
from left to right with 
lighter to darker greens for 
a) spinach sprout weight, 
b) soybean root weight, 
and c) corn shoot weight. 
Different parameters 
showed the strongest 
response to concentration 
changes. For spinach, 
there was an overall 
significant difference 
(p=0.0007) related to LCO 
10-6 being high. It was 
significantly higher than 
B. japonicum LCO 
application (p = 0.0170), 
which was not expected to 
have an effect on spinach. 
For soybean, there was no 
overall significant 
differences potentially due 
to the high variability, but 
the trend showed 10-5 to 
be the highest. Corn, 
showed the strongest 
significant differences 
with shoot weight 
particularly (p<0.0001). 
LCO 10-7 was 
significantly higher than 
both water and B. 
japonicum LCOs 
(p=0.0007, p=0.0034) as 
well as most other LCO 
treatments. 
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Appendix Figure A.2.3 | Soybean response to LCO addition. The first row shows 
response of a) sprout weight, b) root weight, and c) root length. No significant differences were 
found for soybean, though a strong trend was found for root weight and root length for the 
standard and LCOs to be higher than the water and vector. The same was found for g) root 
number. Pictures of soybean roots that received d) LCO solution and e) water. Germination rates 
in soybean seeds in response to LCO application. The treatments were distilled water (blue line), 
a vector control (gray line), a standard LCO (black line), and LCO from the engineered C. 
necator (green line). No trend was found in soybean with LCO application.  
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Appendix Figure A.2.4 | Corn root number. This shows the root number for treatments 
with water, vector control, standard, B. japonicum LCO, fertilizer, and LCO. No 
significant differences were found. 
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